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General Chair Foreword

Aloha.

Welcome to sunny Maui, Hawaii, USA and to the 14th IEEE Intemational Semiconductor
Laser Conference. Our Conference has convened before in Brazil, Canada, Japan (three
times), Mexico, Switzerland, the United Kingdom, and the mainland United States (five
times), but this is the first of our Conferences to be held in a tropical mid-Pacific island set-
ting. I trust that you will find the Conference site appealing, but hope that Maui’s pleasures
will not distract you too much from the week's excellent technical activities.

This year’s Conference again begins with three invited Review talks. Each is aimed at
exploring an area of importance to the semiconductor laser community: high power lasers, blue-green laser diodes,
and optical feedback phenomena. The reviews are presented by D. Welch, SDL, A. Ishibashi, Sony, and K.
Petermann, Technical University of Berlin. The core of the technical program features both oral and poster presenta-
tions of contributed papers. Of the record 200 papers submitted from 22 countries, 123 were selected for presenta-
tion. To permit this large number of presentations, the program includes a Poster Session preceded by a Poster
Preview in which the presenters will have a brief opportunity to advertise their wares. One session has been set aside
for Post-deadline presentations, often one of the most exciting parts of any technical conference. The program is
rounded out by an evening of rump sessions aimed at continuing the technical debate in a less formal atmosphere.

In addition to the regular technical program, three pre-Conference Short Courses, each taught by a technical
expert, provide an excellent opportunity for attendees to become current in the field. A Frid~y moming post-
Conference Workshop consisting of two 2-hour sessions follows the formal technical progra..:. This Workshop, open
to all conferees, will permit the informal discussion of new results and ideas which were stimulated by the regular
technical program. Two guest co-editors, Dan Botez and Rod Tucker, have agreed to put together a special issue of
the IEEE Journal of Quantum Electronics on semiconductor lasers in conjunction with the Conference. ! strongly
recommend that Conference presentations be submitted for publication in this special issue.

Many people deserve special credit for making this 14th IEEE Intemational Semiconductor Laser Conference a
real success. It has bee.. my great pleasure to work closely with Chris Harder, Technical Program Chair, over the
past two years. I also want to express my appreciation to all of the other members of the Technical Program
Committee, and especially to the three regional subcommittee chairs, Tom Koch, James Whiteaway and Yasuhiko
Arakawa, for their efforts. The other Conference Committee members, Gary Evans, Joanne LaCourse and Tom
Paoli, skillfully handled finance, publicity, and local arrangements. The members of the Advisory Committee pro-
vided invaluable guidance in the planning of the Conference. We all thank the U.S. Government agencies which
provided partial financial support for the Conference. Finally, my special appreciation goes to Samantha Phillips of
the IEEE/LEOS staff for attending to all of the many organizational details.

I know that as an attendee you will be stimulated by what you hear and learn at Maui. I hope that you also will
have an opportunity to enjoy the social events and the sights and sounds of this lovely Conference site. Aloha.

Martin A Pollack







Technical Program Chair Foreword

Welcome to ISLC ’94, e 14th [EEE Intemational Semiconductor Laser

Conference in Maui, Hawaii. The ISLC provides the most comprehensive biennial intema-
tional forum for recent advances in the field of semiconductor lasers.

The Technical Program Committee has selected 123 presentations contributed by researchers
throughout the world to be presented in regular sessions from Monday, September 19, until
Thursday, September 23, 1994. In addition, there will be three pre-conference tutorials on
Sunday, taught by distinguished instructors, and four post-conference workshops on most the
pressing current issues on Friday moming. The regular conference has kept to the traditional
format: Three invited review talks, 123 paper and poster presentations (preceded by poster previews), post-deadline
papers, and a rump session, all without parallel sessions.

The conference starts with invited review talks by Dr. D. Welch, Spectra Diode Laboratories, A. Ishibashi, Sony
Corporation, and Prof. K. Petermann, Technische Universitaet Berlin. These presentations will review progress over
the past few years and will help provide attendees with a common technical base. Then we will hear in the paper
sessions about extraordinary advances, especially on high-power, high-speed, low-threshold lasers and on longitudi-
nal as well as lateral mode control. At the ISLC *92 in Takamatsu, a special rump session was dedicated to carrier
transport and dynamics, and this time you will hear a full paper session on the most recent technical results in this
controversial field. The poster session will make informal interaction with the authors possible as well as in-depth
discussion of the results. The post-deadline session will supplement the regular papers with late-breaking achieve-
ments. At a rump session on Wednesday evening, we will all have a chance to participate in an informal discussion
on the most pressing issues of semiconductor lasers.

This year, the two guest editors, Dan Botez and Rodney S. Tucker, will put together the IEEE Joumnal of Quantum
Electronics Special Issue on Semiconductor Lasers in conjunction with this conference, following a long-standing
tradition. I strongly recommend that conference presentations be submitted for publication in this special issue,
which will be published in June of *95. I trust that, as in the past, it will serve as a most useful reference.

For over a quarter of a century, the Semiconductor Laser Conference has provided an important and unique technical
forum on the rapidly expanding field of devices, and it has witmessed revolutionary advances of laser diodes. I
would like to thank the many scientists and engineers who are instrumental to the technical success of this confer-
ence as well as all attendees who contribute interesting results and who join informal discussions.

It has been my pleasure to work closely during the past two years with Martin Pollack, Conference General Chair,
on the preparation of this conference. Finally, let me thank the members of the Technical Program Committee, espe-

cially the three regional subcommittee chairs, Yasu Arakawa, Tom Koch and James Whiteaway, for their efforts and
cooperation in assembling the technical programn.

Christoph S. Harder
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8:40am - 9:20am (Invited)

M1.1 Progress in High Power Semiconductor Lasers
David F. Welch
SDL, Inc.
Summary

Advances in high power semiconductor laser diodes have resulied in both dramatic demonstrations of
laser diode characteristics and of innovauve systems designs based on these semiconductor sources. As
a measure of the capabilities of the semiconductor laser diodes; monolithic laser diode sources have
been fabricated which operate to greater than 120 W cw from a 1 um by | ¢m emitting aperture. As a
result of such high power demonstrations, the application base of laser diodes can be expanded from the
low power, few milliwatt, applications to applications that require kilowatts of power. As a result laser
diodes have become the visionary technology for almost all laser based systems.

The advances in high power laser sources can be roughly categorized into four technology areas; 1)
higher power output, ii) greater reliability, iii) increased coverage of the spectrum and iv) the
development of high power diffraction limited sources. In addition to the development of high power
diode lasers, much of the recent advances include areas of hybrid technologies where the coupling of
high power semiconductor laser diodes with complimentary technologies have further advanced the state
of the art in laser sources. The following discussions will try to cover the advances in the four categories
by reviewing the key demonstrations in the development of high power sources.

Higher Power Output

The development of several key technologies enabled diode lasers to advance from there typically few
milliwatt output. These include growth technologies, packaging technologies, elimination or reduction
of catastrophic failure mechanisms, higher efficiency device designs, low optical loss materials enabling
low thermal resistance device designs, and large aperture size devices. As a result of technical advances
in all of these areas the diode laser increased its output power 100x for a comparable emitting aperture
and greater than 20,000x when the aperture size was increased. Maximum output powers of 120 W
(Figure 1) have been demonstrated while total efficiencies have exceeded 60%.

Reliability

One of the most noteworthy demonstrations in high power device development is the increased
reliability of these sources. Typically reliability in diode lasers has been associated with InP based
materials but recent processing and growth advances have resulted in high reliability of AlGaAs
materials. Lifetest data of 100 um wide aperture devices operating at 500 mW ¢w has resulted in
lifetimes in excess of 106 hours. Similarly with the development of high power sources in the Er doped
fiber amplifier (EDFA) market high reliability 980 nm and 1480 nm sources operating up to 200 mW cw
have been demonstrated and are commercially available.




Wavelength Access

The development of strained layer active regions have dramatically impacted the wavelength access of
diode lasers. Recent developments in the AlGalnP and InGaAsP materials systems through the
introduction of strained active regions have resulted in the demonstration of high power operation of
diode lasers nearly continuously from wavelengths from 630 nm to 2.05 um. Powers of 90 W cw at 680
nm, 6 W cw at 630 nm, and 8 W c¢w at 2 um have all been demonstrated (Figure 2). Current work on
ZnSe and GaN based materials will potentially extend these wavelengths throughout the wvisible
spectrum and into the near UV.

Diffraction Limited Emission

Significant effort over tue past decade has been expended in the development of diftraction limited
diode lasers at output powers cxceeding 1| W cw. This work has been performed at a number of
laboratories where a wide variety of concepts and designs have been investigated. Due to the nature of
the presentation I will concentrate only on the two or three most successful demonstrations, these
include monolithically integratcd MOPAs, unstable resonators, and anti-guide laser arrays. These
sources have demonstrated greater than | W cw with diffraction limited output beams. In addition the
MOPA technology has demonstrated up to 3 W cw diffraction limited output. These demonstrations
have resulted in the development of high power sources that couple the attributes of the master oscillator
and facilitate the amplification to output powers in excess of 1 W average power. For instance MOPAs
have been fabricated with high speed modulators, tunable oscillators, and mode locked oscillators. In
addition the technology has been applied to wavelengths from 680 nm to 1.9 um (Figure 3). The design
and operation of these sources will be discussed in detail.

A Single Mode 100 pm Aperture |1 cm Bar

630 60 mW Taw Jew
680 295 mW 1.7W 90w

830-860 300 mW 5.0wW 120 W

980 300 mW 5.0W ~—-

1017 200 mW --- ---

1.8-2.0um 30 mW 0.5W 8W

Table 1: CW Power vs. Wavelength
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9:20am - 10:00am (Invited) Blue-Green Laser Diodes

M1.2

Akira Ishibashi
Sony Corporation Research Center

174 Fujitsuka-cho, Hodogaya-ku, Yokohama 240, Japan

Semiconductor laser diodes (LDs) have been playing a central rolz in many
systems, such as high transmission-rate communication systems, high power energy
source systems, and optical or magneto-optical memory systems, e.g., consumer audio
Compact Disc (CD) ROM systems, Mini-Disc (MD) ROM/RAM systems with AlGaAs
infra-red LDs, and high definition MUSE disk systems with AlGalnP red-emitting LDs.
The research and development, or the evolution, of the semiconductor LDs will be two-
fold. One is to integrate the conventional LDs, which have already been established as a
discrete chip, into monolithic highly-functional devices. The AlGaAs/GaAs-based LDs
have been in this phase. The other is to establish a discrete chip that achieves challenging
targets, such as a super high power, an extremely rapid response, and a short
wavelength. As the next generation of conventional LDs, the short wavelength, green and
blue, LDs have been needed for higher density disk systems. It is straight forward that
the shorter the wavelength becomes, the higher the density of those optical disks can be,
leading to either a long time or a high definition recording. Furthermore, with the green
and the blue LDs we are entering a new paradigm where RGB full-color all-solid-state
light-sources are at hand in an inexpensive, mass productive, and highly compact
manner.

Since Haase et al. reported the first semiconductor blue-green LD operation at
77K based on ZnCdSe/Zn(S)Se, II-VI wide gap semiconductor LDs have been a focus of
attention. The early II-VI wide gap semiconductor LDs based on ZnCdSe/Zn(S)Se have
intrinsic problems caused by a small energy-gap difference between the ZnCdSe active

layer and the Zn(S)Se cladding layer. This fact makes operation at a high temperature or

6




at a short wavelength difficult due to insufficient confinement of injected carriers. The
ZnMgSSe, on the other hand, being fully Jattice-matched to GaAs (001) substrates with
«ergy gap tunable up to as high as ~ 4.5 eV, forms a type I heterostructure with ZnSe
erve as optimum cladding layers for the blue and the green LDs. The ZnMgSSe has
icd to a successful demonstration of room temperature pulsed operation of a blue LD with
a wavelength down to 471 nm, based on a Zn(Cd)Se/Zn(S)Se/ZnMgSSe separate-
confinement heterostructure (SCH) structure. Continuous wave (CW) operation of both
a green LD with a wavelength up to 531 nm and a blue LD with a wavelength down to
489.9 nm have been achieved at room temperature. Also demonstrated are CW operation
up to 353K at ImW, room temperature CW operation up to 30mW, a threshold voltage
of 4.7 V, and a device lifetime of about 9 minutes with gain-guided blue-green SCH
LDs. The device characteristics of the II-VI wide gap LDs are becoming as good as the
established I11-V materials-based LDs except the device lifetime, which is the next target
of current research and development. We need to analyze the degradation mechanism and
brush up the device reliability. The blue and the green LDs will play a central role in
establishing the future high-density recording and the future active display devices just in
the same way as advanced micro-processors/memory-chips do for future high
performance computers. It is expected that the ZnSe/ZnMgSSe-based II-VI
heterostructure devices blossom in near future just like the GaAs/AlGaAs-based III-V

heterostructure devices.
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Optical feedback phenomena in semiconductor

lasers

Klaus Petermann
Technische Universitit Berlin Institut fir Hochfrequenztechnik, Einsteinufer 25, 10587 Berlin, Germany

Introduction

Optical feedback phenomena in semiconductor lasers attracted considerable interest during the last decade
/1-39/. 1t has been recognized quite early, that the linewidth can be reduced considerably with optical
feedback /10-13/ and external cavity lasers are routinely used if linewidths down to a few kHz are required
/40-42/. However, optical feedback phenomena have been found to be responsible also for mode hopping
/43/, for strong excess noise in the coherence collapse regime /18/ and other regimes have been identified

with stable microwave oscillations /44/.
Feedback regimes

It is customary to describe weak optical feedback by a feedback Parameter C /6/

C = Vffows 2Tt 13 M

where f.;; denotes the power ratio between light fed back into the laser and the light emitted from the
laser. 7.r; denotes the external round trip time, 7 is the internal roundtrip time within the laser diode, a

denotes the linewidth enhancement factor, and C, describes the coupling between. the laser to the cavity
/45, 46/.

s feedlback coseﬁ:gcienf CSO—--

Feedback regimes have been identified in /22/ and 10
they may be explained by considering the line-

Text = 5 ns
width in Fig. 1.

For relatively low feedback with C' = 1 already
a considerable linewidth broadening up to about
Av = 1/T.s¢ may occur /36, 47, 48/ which must
be considered for designing coherent receivers.
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For increasing feedback multiple cavity modes
may exist (region II). If feedback is increased fur-
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ther (region III) it is now well recognized that 10" 3,

the lowest linewidth mode becomes most stable ;

/27,34/ until the coherence collapses yielding the I I ' v
]

coherence collapse regime IV /18,22/ if f.;¢ ex-

10 e
ceeds a critical level f.zq,c. Below this critical ' ! ¢ s

-4

feedback level, the RIN (relative intensity noise) external reflectivity fext—

remains low, but the modulation characteristics

may be considerably distorted /49,50/. . Figure 1: linewidth vs feedback for a semiconduc-
tor laser

In particular, for f.;¢ = fezt,c a pole develops in the modulation characteristics for the lowest line-
width mode at a modulation frequency close to the relaxation resonance f = f,., from which f.z1,c may
be determined /30,51/, yielding
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with K — the modulation K-factor and r. — the electron lifevime. Efforts are underway to shift fes.c
to higher values. Obviously, a high bias level /31,52/ (yielding a high f,) and a low a are desirable.
Furthermore, long lasers (7. large) yield a large f.zt,c /53/ and |C.| should be small which can be ac-
complished for large kL in DFB-lasers, as long as no significant spatial hole-burning occurs /39/.

It has been reported that gain-coupled DFB-lasers exhibit a larger fez¢ c than index-coupled laser:
/54/, even though the coupling coefficient C, is shown to be nearly identical for gain- and index- coupled
lasers /55/ for similar k- L-values. However, high - L-gain—coupled lasers exhibit a better mode stability
/56/, yielding useful devices as long as scattering losses may be kept low.

Vertical-cavity surface emitting lasers also exhibit a very low C, however, due to the low 7, the ratio
11/ |C.| is similar as for edge—emitting devices, yielding a similar feedback sensitivity /57/.

After f.r¢ surpasses f.s(,c, instabilities first occur around f, and further increasing f..¢ finally yields
a chaotic state and the route to chaos has been studied extensively /30,33,34,38/. Even in this chaotic
state the relative intensity noise does not increase beyond a certain limit /32,58/ given by

RINpas = (K - £,2 +1/7.)"" ®3)

If this RINp.. is sufficiently low, systems may operate also without isolators.

Short external cavities

The critical feedback level according to eq. (2) is independent of the external cavity length, as long as
Tezs > 1/f,. For short external cavities with 7.5t < 1/f, one obtains a strongly increasing fezt,c /59/,
yielding relatively stable external cavity lasers, which themselves are again relatively stable to additional
external feedback /60/. )

If a short external cavity laser is designed with sufficiently high feedback to surpass f..¢,c a stable
output pulsation up to the millimeter-wave region may occur for specific feedback phases, the microwave
frequency being controlled by the amount of feedback /44/. On this basis, optlcal microwave sources are
feasible similar to devices with segmented DFB-sections /61/.

After all, a good understanding of optical feedback phenomena has meanwhile been obtained enabling
design-guidelines for feedback-tolerant semiconductor laser devices.
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Generation of 1.54 THz Pulse Train
by Harmonic Passive Mode-Locking in DBR Lasers

Shin ARAHIRA, Saeko OSHIBA, Tatsuo KUNII, Yasuhiro MATSUI, and Yoh OGAWA
Semiconductor Technology Laboratory, OKI Electric Industry Co., Ltd.
550-5 Higashiasakawa, Hachioji, Tokyo 193, JAPAN

Abstract : We report on the first demonstration of THz-rate pulse generation by harmonic
passive mode-locking in DBR lasers. The mechanism of stable generation of harmonic pulses is
discussed concerning the spectral filtering property of the Bragg reflector.

Generation of ultrafast optical pulses with semiconductor laser diodes (LDs) [1] is of
considerable interest for the new generation optoelectronic applications such as high speed optical
communication systems. Such ultrafast pulses can be generated from a mode-locked LD with a
short cavity, however, it sacrifices the output power due to a large mirror loss. Harmonic
mode-locking is an alternative method to generate ultrafast pulses without using a short cavity. In
this paper, we report, for the first time, THz-rate pulse generation by harmonic passive
mode-locking in distributed Bragg-reflector (DBR) lasers.

Figure 1 shows a schematic structure of the DBR laser used in this study. The laser has four
sections : a saturable absorber section (75 um), a gain section (750 um), a phase control section
(150 um) and a DBR section (120 um). Both gain and absorber sections consist of three
compressively strained InGaAs quantum wells separated by 130 A-thick InGaAsP barriers. An
InGaAsP (1g=1.3 um) is used for the waveguides of the phase control and the DBR sections. The
absorber tacet is high-reflectivity (~90%) coated, leading to a self-colliding pulse operation. The
DBR facet is as-cleaved. The output light from the DBR facet was measured by an SHG
autocorrelator and an optical spectrum analyzer.

A light-current characteristics exhibited optical bistability around the threshold (Ith~70 mA)
when the absorber section was reverse biased. Fundamental passive mode-locking occurred
around the threshold at a repetition rate of 38.8 GHz [2]. At higher bias level, harmonic passive
mode-locking occurred [3]. We observed three different harmonics depending on the bias
condition of the gain section : 400 GHz, 800 GHz, and 1.54 THz. The repetition rate became
higher and the pulse width reduced as the bias current increased. Figure 2 shows an SHG
correlation trace and a time-averaged optical spectrum of the 1.54 THz pulses. The spectrum has
a good purity in that the only three modes separated by 12.5 nm (=1.5 THz) are enhanced but the
other longitudinal modes are suppressed. The observed correlation trace (solid line in Fig. 2(a))
was in good agreement with a calculated one (open circle) from the Fourier transformation of the
optical spectrum, and it is concluded that the output pulses are transform-limited. The pulse width
was estimated to be 260 fs from the calculation. The high average output power of 16 mW was
obtained. The transform-limited condition and the high output power was satisfied in the other
harmonics (400 and 800 GHz).

We observed the only multiple harmonics of the 400 GHz repetition rate. This is supposed to
come from the spectral filtering property of the DBR section. Figure 3 shows a calculated
reflectivity profile of the 120 pum-long DBR section. The reflectivity profile of a short DBR
section with a finite facet reflectivity has several peaks including the main peak around the Bragg
wavelength, and the peak separation is almost equal to the mode spacing of the Fabry-Perot etalon
with the same length. The DBR section forms a coupled cavity with the extended cavity, and
therefore it is assumed to work as a frequency filter which enhances only the frequency
components of optical pulses that coincide with its peak separation (400 GHz in this device), but
suppresses the other frequency components, leading to stable operation of harmonic
mode-locking. Such a resonance in the Bragg reflector is achieved by adding tuning currents to
the phase control and/or the DBR sections, even if there is slight difference between the peak
separation of the Bragg reflectivity and the harmonic of the fundamental round trip frequency of
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the extended cavity.

In conclusion, THz-rate pulse generation has been demonstrated by harmonic passive
mode-locking in DBR lasers for the first time. Transform-limited subpicosecond pulses at high
repetition rates of 400, 800 GHz and 1.54 THz have been obtained with high output power cver
10 mW. The repetition rate is determined by the DBR length, and a resonance of harmonic pulses
in the Bragg reflector contributes to the stable generation of harmonic pulses.
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Abstract: A novel, external-cavity tapered-contact laser is mode-locked using a narrow,
single-stripe amplifier and emits up to 16 W peak power and 450 pJ pulse energy,
in pulses as short as 12 ps.

High-peak power, short-pulse optical sources have significant applications to free-space
and fiber optical communications, to materials characterization, and to nonlinear frequency
conversion. Large increases in the peak output power as compared to cw diode laser
output have been achieved through mode-locking [1,2]. Mode-locked pulses, directly
generated by narrow-stripe semiconductor lasers and amplifiers, however, are limited to
average powers of approximately 10 mW, pulse energies below 10 pJ, and peak powers
below 1 Watt. Higher peak powe.s, above 1 Watt, may be generated by following the
mode-locked low-power master oscillator with a discrete power amplifier [3,4].
Alternatively, in a novel configuration described in this paper, a high-power laser chip can
be mode-locked directly using a low-power amplifier as an external modulator.

Recently, broad area tapered-contact gain chips have been successfully used to increase
beyond 1 Watt the cw, diffraction-limited power available from semiconductor lasers and
amplifiers [5,6,7]). Similar devices have been configured into external-cavity, wavelength-
tunable, diffraction-limited sources emitting up to 1 Watt average power [8]. The external-
cavity geometry lends itself well to mode-locking, and in this paper, such a high-power
external-cavity tapered laser is mode-locked to produce peak powers of 16 W, pulse
energies of 450 pJ, and pulse lengths as short as 12 ps. This peak power and pulse energy
are more than an order of magnitude greater than those produced by narrow-stripe mode-
locked semiconductor lasers.

Figure 1 presents the novel compound mode-locked laser cavity used to generate the high-
energy pulse trains. The cavity uses a tapered amplifier gain element (as reported in [8])
for generation of high-average-power, diffraction-limited output, while a second narrow-
stripe gain element is used to achieve active mode-locking of the compound cavity through
RF modulation of its current. In this way, low-power RF modulation (less than 1 Watt) is
used to modulate the approximately 0.5 Watt average output of the compound cavity. The
1.5 mm long tapered amplifier was antireflection coated on both facets [8] and the narrow-
stripe amplifier was 500 um long, with an antireflection-coated front facet and a high-
reflectivity rear facet so as to be used in double-pass. Between the two gain element chips
were two collimating/focussing lenses and a diffraction grating used in first order, which
can provide center wavelength tuning [8]. The total cavity length was adjusted to provide a
fundamental cavity round-trip frequency near S00 MHz.

Pulse measurements were carried out to a maximum tapered amplifier current of 1.5 A, or
1.6 Ith, where the average power output was 0.5 Watts. The narrow-stripe amplifier was
dc-biased at 10-20 mA, upon which the RF modulation (Pef = 1 Watt) was superimposed
using a bias tee. The temporal output is displayed in Figure 2(a) and 2(b) for narrow-stripe
amplifier currents of 10 and 20 mA respectively. RF modulation was carried out initially at
1 GHz, twice the fundamental cavity frequency. The average power in the two cases is
270 mW and SO0 mW respectively. More accurate determination of the temporal pulse
characteristics was carried out with collinear autocorrelation measurements, from which
pulse widths of 12 ps and 17 ps were extracted for the results of Figure 2. Finally, by
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reducing the RF modulation to the fundamental cavity frequency of 500 MHz, peak powers
of 16 W and pulse energies of 450 pJ were observed.

In summary, a novel mode-locked external-cavity laser is demonstrated, from which high
peak power (16 Watts) and pulse energies (450 pJ) were demonstrated. Such systems
have applications to communications systems and nonlinear frequency conversion.
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Abstract
The multiple colliding pulse operation where 2, 3 or 4 ultrashort pulses are present simultaneously within a laser
resonator is discussed both experimentally and theoretically. In 4 pulse operation, pulse widths of 1.3 ps at
repetition rates of 240 GHz have been observed from a 600 um long laser.

summary

Semiconductor laser mode-locking at harmonics of the cavity round trip frequency allows the generation of very high
repetition rate train of pulses. In this paper we present a modified CPM laser configuration which can generate 2, 3
or 4 pulses in the cavity, giving the second, third or fourth harmonic of the repetition rate. The laser is flexible in the
sense that its operation can be switched between 2, 3 or 4 pulses depending on the bias (forward or reverse) applied
to each of its 3 independent sections, changing the position and number of saturable absorbers in the cavity. The
laser is an extension of the normal colliding pulse laser described in [1] which consists of a gain section with one
saturable absorber placed in the centre. In the present laser more saturable absorber sections have been added.
However, the basic type of operation is the same, pulses collide at each saturable absorber.

The four sectioned monolithic CPM laser is illustrated in figure 1. The laser has a contiguously electrically connected
gain section and 3 separated sections placed at every quarter of the cavity length. The laser wafer structure consists

of four 10 nm GaAs wells spaced by 10 nm Al;0GagyAs barriers in separate confinement structure. It is described
in detail in ref :.

L/4 L/4 L/4 L/4

Caption: Top view diagram of the monolithic 4 section passive CPM quantum well laser. Arrows indicate laser
output at the waveguide facets.

The total length of the laser is 600 um and each one of its 3 sections (a, b and c in figure 1) is 30 um long. The
laser operates on CW regime and when it is fully forward biased the threshold current is 36 mA. The multiple pulse
operation of the CPM laser is observed for a gain current of 54 mA. We used a cross-correlation technique [2] to
perform time domain measurements of the laser, obtaining pulse width and repetition rate measures. The cross-
correlator is a Michelson interferometer that can cross-correlate adjacent pulses from a high repetition rate puise train.
The interferogram is then produced by a low-speed photodiode and a lock-in amplifier. Two pulse CPM operation is
obtained when the central section of the laser (section b in figure 1) is reverse biased whereas the others (sections a
and c) are forward biased by connecting them to the gain section. This configuration corresponds to the normal
CPM lasers, which have one saturable absorber in the middle of the cavity [1]. Figure 2-a shows the optical
spectrum for 2 pulse CPM operation when -0.37 V reverse bias is applied to section b. It can be seen that three
longitudinal modes are locked and the mode space is 0.3 nm which is twice the original cavity mnde space
(0.15 nm). It indicates that 2 pulses are circulating in the cavity and colliding in the saturable absorber. The cross-
correlation measurement gives 1.5 ps pulse width and 120 GHz repetition rate, which corresponds to the second
harmonic of the repetition rate. The time-bandwidth product is 0.45.

16




Figure(2) Figure(3)

. 0.5
0.4 <
0.7 - -
a & 0.3 -
) >
s ¢ b =
0.5 < 2
E 8 0.24
=]
025 0.1
0_1 0 v L 1 LI 1 T 1 |
- : M L 40 -35 30 -25 20 -15-10 5 0 5§

870 M 872 873 874 875 876

Waveleagth (nm) Delay (ps)
Caption: Figure (2)Optical spectra of the laser operating  Caption Figure(3) The cross-correlation
a) 2 pulse, (b) 3 pulse and (c) 4 pulse mode. interferomogram for four pulse opertaion

Three pulse CPM laser operation occurs when the sections a and ¢ (see figure 1) are reverse biased and the section b
is forward biased. In this configuration the laser has two saturable absorbers in the cavity. Figure 2-b shows the
optical spectrum for three pulse operation when -0.74 V reverse bias is applied to sections a and c. It can be seen
that in this case the longitudinal mode separation of the two locked modes is 0.45 nm, which is three times the
original cavity mode space. We measured 1.6 ps pulse width and 180 GHz repetition rate, which is the third
harmonic of the cavity round trip frequency. The time-bandwidth product is 0.5. The explanation of how can 3
pulses co-exist in the laser cavity is as follows; two of them collide at every 1/3 of the cavity length, while the other
is 2/3 of the cavity length distant from them, at the facet. Hence the cavity round trip is 2L/3. Although the collision
points do not correspond to the exact position of the saturable absorbers, the pulses are wide enough (120 pm long
inside the laser) to overlap in the saturable absorber section. Therefore the pulses still collide in the absorber
sections.

The four pulse CPM operation is achieved when the three sections (a, b, and c¢) are reverse biased. As a result the
laser has three saturable absorbers in the cavity. Figure 2-c shows the optical spectrum for -0.33 V reverse bias
applied to the three sections. The longitudinal mode separation is 0.6 nm. Figure 3 shows the cross-correlation
interferogram for four pulse operation. The pulse width measured from the interferogram must be divided by a
factor of 2 to give the actual pulse width at FWHM (2]. It is 1.3 ps and the repetition rate is 240 GHz, which is the
fourth harmonic of the repetition rate. The time bandwidth product is 0.38. This configuration has four pulses
circulating in the cavity and they collide exactly in the saturable absorber sections. Two of them collide with other
two pulses in sections a and ¢, and after moving a quarter of the cavity length two puises collide in the section b,
while the other two pulses are at each facet of the laser. Therefore the cavity round trip is L/2, which gives the
longitudinal mode separation and the repetition rate measured.

A frequency-domain passive mode locking model was applied to interpret the experimental data. The geometrical
position of the absorber enters such a mode! via spatial overlap integrals £y which scale the strength of nonlinear
coupling between modes m inverse roundrip periods apart from each other. Calculating the values of &y, one finds
that modes separated by 2, 3, and 4 inverse roundrip periods are, indeed, expected to interact most strongly for
respective geometries close to those studied in the experiments. The agreement between the measured and calculated
results is improved if one supposes that: a) the actual absorber region stretches somewhat beyond the electric contact
made to it and b) fast effects in the saturable absorber (possibly exciton saturation and transient gratings) play a
significant part in the properties of the device,

We reported the fabrication and characterisation of a monolithic four sectioned passive CPM quantum well laser
which can have one, two or three saturable absorbers in the cavity, generating the second, third or fourth harmonic
of the repetition rate. The operation of the laser can be switched between harmonics depending on the order and the
number of scctions reverse biased to produce saturable absorption. The number and the position of the saturable
absorber sections in the cavity seem also to affect the width and the spectral purity of the generated pulses. Due to its
flexibility and operation characteristics this device is promising for studies of fundamental aspects of mode-locking
operation in semiconductor lasers. It may also find application in the generation of microwaves above 100 GHz as
well as in an ultrahigh repetition rate ultrashort pulse width optoelectronics.
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Abstract—-Ultra-low-threshold current InGaAs/GaAs lasers are made by single-step MOCVD
growth on nonplanar substrates. Active region widths ranging from 1.6 to 0.2 um have been
studied. Uncoated laser threshold currents as low as 0.5mA has been obtained.

We have developed a technique to make low threshold buried heterostructure
InGaAs/GaAs quantum well lasers by one step MOCVD growth on nonplanar substrates(!]. In
this technique, active region widths as narrow as 0.2 pum can be fabricated[Fig. 1]. We have
studied the threshold current dependence on the active region width as shown in Fig. 2[2. Room
temperature CW threshold currents as low as 0.5 mA for a uncoated double quantum well
InGaAs/GaAs/AlGaAs laser are obtained.

The epitaxial growths were performed in an atmospheric pressure MOCVD reactor. The
substrate nonplanarity is introduced by chemical etching of mesas with (100) tops and (111)A
sidewalls. The growth properties of InGaAs/GaAs/AlGaAs on the mesa top and the mesa
sidewall are strongly influenced by the sidewall orietation, growth temperature and V/III
ratiol3l. By controlling these variables during the lower cladding layer growth, the mesa top
width is reduced by 1 to 2um depending on the growth conditions. The InGaAs quantum well
growth rate on the (111)A mesa sidewall is 4 times smaller than on the (100) mesa top, resulting
in a CL emission wavelength on the mesa sidewall that is about 100nm shorter than on the mesa
top. This lateral effective bandgap variation will create a BH structure on the mesa top [4]. The
width of this active region is controlled by the starting mesa width and the growth of the
Alg.6Gag.4As lower cladding layer. Current confinment in this laser is provided by orietation-
selective doping properties of the undoped Alg Ga(.4As cladding layer which results in p-type
doping on the (100) mesa top and n-type doping on the sidewalls {1,3].

The laser structure shown in fig. 1 has tight optical and current confinement. Fig. 2
shows the L-I curve of a SQW laser with 0.6um wide active region. The RT CW threshold current
for uncoated SQW lasers is 0.7mA and for uncoated DQW lasers is 0.5mA. These lasers have
excellent external quantum efficiency of 80-85%. HR/HR coated 120pm long SQW lasers with
0.9um wide active region showed a RT CW threshold current of 0.28mA. These lasers also exhibit
exellent threshold and quantum efficiency uniformity and high yield because of the simple
growth and processing procedures. Fig. 3 shows the threshold currents of 1 mA laser array
elements on a single bar. Fig. 4 shows the threshold current dependence on the active region
width for 250pum long DQW lasers as compared to the theoretical result from [2]. The minium
threshold current occurs when the active region is about 0.4 pm wide. So far, the experimental
results are generally 0.3 mA higher than the theoretical predictions for a perfect low threshold BH
laser with no leakage. These lasers also have high modulation bandwidth at low bias currents.

In conclusion, we have developed a new technique to fabricate extremely low threshold
current lasers by single step MOCVD growth on nonplanar substrates. Lasers made by this
technique have the advantage of simple growth and processing procedure, good uniformity,
high quantum efficiency and low threshold current. In this paper we will describe the growth and
properties of these sub-milliampere laser elements and arrays made from them. The dependence
of the device properties on the active region width, facet coating, and device length will be
discussed.

References:

18




References:
{11 H. Zhao, M. H. MacDougal, N. C. Frateschi, P. D. Dapkus, S. Siala, and R. N. Nottenburg,

IEEE Photonic Technology Lett., Vol. 6, No. 4, 1994

(2] J. S. Osinski, K. M. Dzurko, S. G. Hummel, and P. D. Dapkus, Appl. Phys. Lett., Vol.56,
p2487, 1990
[3] H. Zhao, K. Uppal, M. H. MacDougal P. D. Dapkus, H. T. Lin, and D. H. Rich, to appear on ].
Crystal Growth, Proceedings of the VIl MOVPE conference, May, 1994

[4] E. Kapon, S. Simony, R. Bhat, D. M. Hwang, Appl. Phys Lett. 55, 2715 (1989); K. M. Dzurko, E.
P.Menu, C. A. Beyler, J. S. Osinski, and P. D Dapkus, IEEE J. Quantum Elelctron. 25, 1450 (1989).

Figl: SEM picture of the InGaAs/GaAs/AlGaAs laser
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Abstract  Extremely low threshold currents of 0.56 mA (pulsed) and 0.58 mA (CW) have been

obtained in a 1.35-pm InGaAsP/InP strained-MQW laser, at room temperature. These values are the
lowest ever reported for long-wavelength lasers.

Ultralow-threshold (<1 mA) lasers are required for many applications such as parallel high-.
thronghput optical interconnections. Numerous reports have recently demonstrated that strained
multi-quantum well (MQW) structures are very attractive for improving threshold current [1}-[3]. So
far, a few studies have been done on submilliampere operation (0.98 mA [3], 0.80 mA [4]) of long-
wavelength lasers without cooling, and below room temperature (as in [5]). In this paper, we report
on a record-low threshold current of 0.56 mA, at room temperature, in long-wavelength
semiconductor lasers, which was achieved by optimizing strained MQW active structure and by
employing a short cavity with HR-coated facets.

Figure 1 shows a schematic cross section of a 1.35-um strained-MQW-CBPBH (Constricted
Blocking layer on p-substrate Buried Heterostructure) laser, grown by three-step MOVPE. The
MQW active layer consists of five compressive-strained S-nm InGaAsP wells, separated by 10-nm
InGaAsP barriers. The active region was made 1.0-pum wide to reduce the threshold current based on

our theoretical model [6]. The fabrication of CBPBH for lateral confinement has been described in
detail previous literature [7], {8]. The amount of strain was optimized at 1.4%, to decrease the

threshold current, by using a 200-um-long HR-coated laser, as shown in Fig. 2. The increase in
threshold at 2.0% strain was caused by misfit dislocation. Figure 3 shows the dramatic effect of
decreasing cavity length L and increasing front facet reflectivity Rf on threshold current calculated for

a 1.35-um 1.4%-strained-MQW laser. In this calculation, the rear facet reflectivity Rr was assumed
to be 0.985. As can be seen in Fig. 3, threshold current of about 0.5 mA is possible when Rf is made

larger than 0.95 in order to reduce the mirror loss of short cavity (L=100 pm) lasers.
Figure 4 shows typical results of measured light-current characteristics of a 100-um-long laser

with different Rf and with Rr of 0.985 under pulsed operation (800 ns, 100 kHz) at 25°C. Figure 5
shows how measured threshold current depends on Rf for a number of devices; it also shows the
calculated threshold current. Note that the extremely low threshold current of 0.56 mA was achieved
by increasing Rf to 0.96. The estimated threshold current for this laser from the measured threshold
current density is 0.53 mA, which indicates that the leakage current in the CBPBH structure is

negligible. The CW threshold current was as low as 0.58 mA at 20°C, as shown in Fig. 6.

Moreover, even at 90°C, CW threshold was only 1.62 mA. These are the lowest values ever
reported for long-wavelength lasers, to our knowledge. These improvements were essentially
attained by the optimization of the strained-MQW active layer and by employing a short cavity with
HR-coated facets, as discussed earlier. The characteristic temperature was 68 K in the temperature

range of 20-90°C. Further reduction in threshold current should be possible by using optimal design.

In conclusion, we demonstrated superior low-threshold 1.35-pym InGaAsP/InP strained-MQW
lasers. Record threshold currents of 0.56 mA (pulsed) and 0.58 mA (CW) for a long-wavelength
laser were obtained, at room temperature.

{(

[1] H. Temkin et al., Appl. Phys. Lett., 57, 1610 (1990). (2] P. J. A. Thijs et al., IEEE J. Quantum Electron., QE-
27, 1426 (1991). [3] C. Zah et al., IEEE J. Quantum Electron., QE-27, 1440 (1991). [4] J. S. Osinski et al., IEEE
Photon. Tech. Lett., PTL 4, 1313 (1992). (5] P. J. A. Thijs et al., Electron. Lett., 28, 829 (1992). [6] K. Uomi et
al., IEEE J. Quantum Electron., QE-29, 1426 (1993). [7] S. Yamashita et al., IEEE Photon. Tech. Lett., PTL-4,
954 (1992). [8] A. QOishi et al., ECOC'93, post deadline paper, ThC12.6 (1993).
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2:00pm - 2:15pm

M33 InGaAs/InGaAsP Strained SQW LD Grown on
Ing0sGag9sAs Ternary Substrate
H. Shoji, T. Uchida, T. Kusunoki, M. Matsuda, H. Kurakake,
S. Yamazaki, K. Nakajima, and H. Ishikawa
Fujitsu Laboratories Ltd., 10-1 Morinosato-Wakamiya, Atsugi 243-01, Japan

Abstract: A uniform Ing g5Gag 95As ternary substrate was grown and InGaAs/InGaAsP
SQW LDs were fabricated on the substrate for the first time. Low threshold current
density of 222 A/cm? and excellent characteristic temperature of 221 K were achieved.

High performance 1.3 um laser is strongly required for future optical access systems and
optical interconnection systems. Performance of 1.3 pm laser on InP substrate is, however, infe-
rior to that of 0.98 um laser on GaAs substrate especially in temperature characteristics. By using
ternary InyGaj_xAs substrate, we can design deeper potential well such as realized on GaAs sub-
strate, which would lead to higher optical gain and better temperature characteristics in 1.3 um
lasers [1]. This time, we have grown a ternary bulk crystal of Ing 95Gag.9sAs and fabricated
InGaAs/InGaAsP SQW laser on the ternary substrate. Low threshold current density of 222 A/cm?2
and excellent characteristic temperature of 221 K were obtained in the laser emitting at 1.03 um.
Although higher In content of around 0.25 is required for 1.3 pm lasers, we could successfully
fabricate SQW LD on the ternary substrate as the first step.

An Ing 05Gag 95As ternary crystal was grown by using liquid encapsulated Czochralski
(LEC) technique with a method of supplying GaAs source material [2, 3]. As shown in Fig. 1, a
ternary bulk crystal with a diameter of 1.5 cm was obtained. On the ternary substrate, a DH struc-
ture shown in Fig. 2 was grown by using MOVPE. Active layer consists of 7 nm-thick
Ing 25Gag 75As strained SQW (Ag¢; = 1.03 um) sandwiched by 100 nm-thick InGaAsP SCH layers
(AscH = 0.845 um). After the growth, mesa-stripe of 20 pm width was formed by CoHg-RIE.
Coplanar structure was employed for current injection because no impurity was introduced in the
substrate. Fig. 3 shows light output and voltage versus injected current characteristics of a 600
pum-long laser at 25 °C. Threshold current of 26.7 mA and the corresponding threshold current
density of 222 A/cm?2 were obtained. The emission wavelength was 1.03 um. Temperature de-
pendence of the threshold current is shown in Fig. 4. Characteristic temperature Tg was as high as
221 K, which was comparable or superior to that of 0.98 um laser on GaAs substrate. These re-
sults indicate that the ternary substrate has sufficient quality for laser fabrication and that increased

In content will enable 1.3 pm lasers with excellent temperature characteristics.
References:
[1]1 H. Ishikawa, Appl. Phys. Lett., 63, 712 (1993).

{2] K. Nakajima, C. Takenaka, and T. Kusunoki, J. Crystal Growth, 113, 485 (1991).
[3] T. Kusunoki, C. Takenaka, and K. Nakajima, J. Crystal Growth, 115, 723 (1991).
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2:15pm - 2:30pm
M3.4 High T, 1.3 pm InGaAs Strained Single Quantum Well Laser
with InGaP Wide Band-Gap Clad Layers

H. Kurakake, T. Uchida, K. Kubota, S. Ogita, H. Soda, and S. Yamasaki

Fujitsu Laboratories Ltd.
10-1 Morinosato-Wakamiya, Atsugi 243-01, Japan

1.3 pm laser simulation taking hot carriers into account indicated the effectiveness of wide band-

gap clad layers for improving laser. Lasers fabricated with InGaP cladding layers based on these
calculations exhibited the high T, of 100K.

The poor temperature characteristic of InGaAsP/InP lasers, remains to be solved after the
introduction of strained active layers has drastically improved the threshold current and efficiency.
Taking into consideration carrier leakage, we demonstrate theoretically and experimentally that wide
band-gap clad layers are effective for increasing the gain coefficient and characteristic temperature
without an increasing the threshold current.

To accurately model the carrier leakage, we are the first time to introduce the hot carrier
phenomenon into the conventional laser simulations. In our simulation, energy conservation equations
for both electrons and holes were solved with a self-consistent set of Poisson equation, current
continuity equations, and optical rate equation [1]. Figure 1 shows calculated carrier temperatures Tc at
Ith and 7 times Ith for an InGaAs single quantum well laser with InGaP clad layers (Eg=1.52 eV). Carrier
heating induces carrier leakage in the waveguide and clad layers as shown in Fig. 2, and reduces a
differential efficiency. It was found that the carrier leakage depends on the threshold carrier density and
band gap of the clad layers. Figure 3 shows dependence of the injection efficiency on mirror loss for InP
and InGaP clad SQW lasers. The injection efficiency n was defined as a ratio of the stimulated emission
photon numbers to total carriers injected and obtained from the calculated differential quantum
efficiency. The InGaP clad laser showed higher injection efficiency and the weak mirror loss
dependence, due to the large band discontinuity between waveguide and clad layers and tight optical
confinement. These calculated results predict that use of wider bandgap clad layers will increase gain
coefficient and an insensitive threshold current for changes of mirror loss or temperature.

Figure 4 shows the designed and grown laser wafer structure based on our calculated results. The
laser wafer was grown by MOVPE on a n-GaAs substrate. To grow In,,Ga P wide band-gap clad
layers we used a 2.4 um thick compositional graded InGaAs buffer layer and a 1 pm thick In,,Ga ,As
buffer layer lattice matched to the wide band-gap clad layers. An In, Ga  As strained active layer was
sandwiched between two 100 nm thick nondoped-In, Ga, As,P,, waveguide layers. We fabricated
metal-stripe lasers with a 80 micron-wide electrode from this wafer to evaluate the lasing characteristics.
The lasing wavelength was 1.27 um at room temperature. Figure 5 shows the measured threshold
current densities ], for various cavity lengths from 300 um to 900 um. The gain coefficient of our
InGaAs/InGaP lasers (G;=1530cm™) was found to be twice as high as that of InGaAs/InP lasers
(G,=823cm") with almost same well volume. This result agrees well with the calculated increase in the
injection efficiency. Figure 6 shows the temperature dependence of the threshold current density for
HR/HR coated InGaAs/InGaP laser with: a 20 nm thick well. As expected, a high T, of 100K is obtained
between 15°C and 55°C because the injection efficiency is insensitive the increase in the threshold carrier
density.

In summary we have calculated and demonstrated the effectiveness of wide band-gap InGaP
clad layers for high performance 1.3 um lasers with high characteristic temperatures.

Reference
[1] H. Kurakake, T. Inoue, S. Kubota, T. Higashi, and H. Soda: IEICE (OQE) in Japan vol. 93, 7(1994)
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2:30pm - 2:45pm
M35 1.55um Strained GalnAs/AlGalnAs MQW Lasers

with a Multi-Quantum Barrier

H. Shimizu, T. Fukushima, K. Nishikata, Y. Hirayama and M. Irikawa
The Furukawa Electric Co., Ltd., Yokohama R&D Laboratories
2-4-3 Okano, Nishi-ku, Yokohama 220 , Japan

Abstract: We have fabricated 1.55um strained GalnAs/AlGalnAs MQW lasers with a multi-
quantum barrier (MQB). A reduction of carrier leakage upon incorporation of the MQB structure was
demonstrated experimentally in long-wavelength lasers for the first time.

Summary: The MQB (1) has been proposed as a method to suppress electron leakage. In the
0.6um MQB-loaded AlGalnP lasers, improved lasing performances have been experimentally
demonstrated (2). On the other hand, in long-wavelength lasers, the effect of the MQB has not been
demonstrated experimentally in spite of the theoretical predictions on the electron wave confinement
effect of the MQB (G.9),

We have grown 1.55um GalnAs/AlGalnAs MQW lasers a) with MQB at the SCH layer and b)
without MQB, on n-InP substrates by MBE, which consisted of p-, n-AllnAs cladding, quaternary
SCH (Ag=1.15um), 1% compressively strained MQW active layer and p-GalnAs contact (Fig.1(a),
1(b)). The MQW active region consisted of 1% compressively strained four 3.4nm Gag 32Ing 6gAs
quantum wells with 15nm quaternary barrier layers of the same composition as SCH. The MQB
structure consisted of an AlGalnAs first barrier (d=80ML) and a multilayer with lattice matched
undoped GalnAs wells (10MLx3, 8MLx2, 7MLx4) and undoped AllnAs barriers (8MLx3, SMLxS).
The optical confinement factors for both structures are equal. The structures were confirmed by TEM
and X-ray measurements.

Figure 2 shows cavity length dependence of threshold current densities. The measurement was
performed on 150pm-wide metal stripe lasers. Both structures had equivalent threshold current
densities Jy; within experimental errors, 1.3kA/cm? at L=400um, 1.08kA/cm? at L=800um,
respectively. Values for the strained MQW lasers are comparable to the MBE-grown results reported
earlier ) . Since both structures show equivalent log(current)-voltage curves, carrier injections were
not interfered at the MQB heterointerfaces.

Ridge waveguide lasers with the mesa width of 4im were fabricated. The L-/ characteristics were
investigated at various temperatures. Characteristic temperature T, values for both structures were
around 60K in the range of 25~50°C. However, the degradation rate of external differential
efficiencies (1) with increasing temperature shows an obvious difference between the two structures
(fig.3). The degradation rate of ng for the lasers with MQB was smaller than that for the lasers
without MQB. To clarify the origin of this difference, spontaneous emissions under the laser
threshold were measured at various temperatures. Figure 4 shows the spontaneous emission

spectrum of the lasers at 100°C and 80mA. A second peak due to carrier overflow emerges around
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1.15um, which corresponds to the band-gap wavelength of the AlGalnAs confinement layers. The
second peak is more clearly visible in the lasers without MQB than those with MQB, indicating that a
large reduction of carrier leakage occurs upon incorporation of the MQB structure to the SCH layer.
This reduction in carrier leakage will further improve laser performance such as high-speed operation
and small turn-on delay ©),

In summary, we have fabricated 1.55um strained GalnAs/AlGalnAs MQW lasers with MQB.
The reduction of carrier leakage and improvement on the temperature dependence of slope efficiencies
upon incorporation of the MQB were demonstrated in long-wavelength lasers for the first time.
References: (1) K.Iga et al., Electron.Lett.22(1986)1008 (2) K Kishino et al., Appl.Phys.Lett.58(1991)1822 (3)
H.Uenohara et al., IEICE Jpn.J70-C(1989)No0.6,851 (4) M.Irikawa et al., Jpn.J.Appl.Phys.31(1992)L1351 (5)
M.J.Mondry et al., Electron.Lett. 28(1992)1471 (6) T.Fukushima et al., J.Quantum Electron.,29(1993)1536
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2:45pm - 3:00pm

InAsSb/AlAsSb Double-Heterostructure and
InAsSb/InAlAs Quantum-Well Diode Lasers Emitting at ~4 um

H. K. Choi, G. W. Turner, and Z. L. Liau
Lincoln Laboratory, Massachusetts Institute of Technology
Lexington, MA 02173-9108, U.S.A.

InAsSb/AlAsSb double-heterostructure lasers emitting at 3.9 um
operated pulsed up to 170 K and cw up to 105 K, with cw power of 30 mW
at 70 K. InAsSb/InAlAs quantum-well lasers emitting at 4.5 um operated
pulscd up to 85 K.

Semiconductor diode lasers emitting in the mid-infrared (2 - 5 pm) band are being
developed to provide efficient sources for applications such as laser radar, remote sensing,
pollution monitoring, and molecular spectroscopy. Diode lasers with GalnAsSb active
layers and AlGaAsSb confining layers grown on GaSb substrates are promising for high-
performance sources in this spectral region. For lasers emitting at ~ 2 um, we have
achieved significant improvements in room-temperature performance by employing a
GalnAsSb/AlGaAsSb quantum-well (QW) active region and AlGaAsSb cladding layers.
Broad-stripe lasers have exhibited pulsed threshold current density Ji as low as 143 A/cm?
and single-ended cw output power as high as 1.3 W [1]. For lasers emitting at 4 um, we
reported double-heterostructure (DH) lasers with a ternary InAsSb active layer and AlAsSb
cladding layers, that operated pulsed up to 155 K and cw up to 80 K [2]. Even though
these lasers exhibited better performance than any other III-V diode lasers with emission
wavelengths longer than 3.5 um, the performance was limited by substantial lattice
mismatch in the laser structure. The output power at 80 K was less than 1 mW. In this
paper, we report improved InAsSb/AlAsSb DH lasers emitting at ~3.9 um. These devices
have operated pulsed up to 170 K and cw up to 105 K, with single-ended cw power of 30
mW at 70 K. In addition, we report preliminary results on the first InAsSb/InAlAs QW
lasers emitting at 4.5 pym.

The laser structures were grown on GaSb substrates by molecular beam epitaxy.
The DH structure has a 0.8-um-thick nominally undoped InAsSb active layer, sandwiched
between 3-um-thick AlAsSb cladding layers. Double-crystal x-ray diffraction measurement
of the laser structure showed that the lattice match was better than 2.5 x 10-3,

Broad-stripe lasers 60 or 100 um wide and 500 um long were fabricated by SiO;
patterning. Figure 1 shows the pulsed Ji, of a 100-um-wide device for temperatures
between 60 and 170 K. At 60 K, the value of Jy is 36 A/cm2. The characteristic
temperature T for the entire temperature range is 20 K, which is higher than 17 K
observed for the previous InAsSb/AlAsSb DH lasers [2]. At the maximum operating
temperature of 170 K, the value of Jy, is 8.5 kA/cm2, which is substantially lower than
24.4 kA/cm? obtained for the previous DH lasers at 155 K [2]. We believe that these
improvements are mostly due to careful lattice matching and better growth conditions.

Figure 2 shows the cw output power vs current curves for a 60-um-wide laser at
heatsink temperatures from 80 to 105 K. The maximum power at 80 K is 12.5 mW/facet,
with initial differential quantum efficiency of 19% from both facets. Another device
100 um wide was coated to have high (~ 90%) and low (~ 10%) reflectivity on the back
and front facets, respectively. The maximum power from this device at 70 and 80 K is 30
and 24 mW, respectively.

In order to increase the emission wavelength and improve device performance, we
grew a QW structure that has an active region consisting of 15 pairs of compressively
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strained InAsSb wells and tensile-strained InAlAs barriers, surrounded by AlAsSb
cladding layers. Calculation of band positions by including strain effects shows that InAlAs
provides potential barriers to both electrons and holes. Figure 3 shows the pulsed Jy, vs
temperature of a QW laser. The minimum Jy, is 320 A/cm? at 50 K, and the maximum
operating temperature is 85 K. The value of T is 26 K for temperatures between 50 and
70 K. As shown in Fig. 4, the emission wavelength is 4.5 um, which is the longest value
obtained for III-V diode lasers, except for InSb homojunction lasers that operated only at
10 K [3]. Much higher performance is expected for lasers grown under optimum
conditions.
This work was sponsored by Phillips Laboratory, the Department of the Air Force.
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3:30pm - 3:45pM 1 eeoration of a Tunable 4-Section DBR Laser

4.1 within Polarization Diversity Heterodyne Receiver PICs
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P. Albrecht, D. Franke, H. Heidrich, W. Passenberg, H. Schroeter-JanBen, R. Stenzel, W. Rehbein
Heinrich-Hertz-Institut fiir Nachrichtentechnik Berlin GmbH
Einsteinufer 37, D-10587 Berlin, Germany,Tel: +49 30 31002 256; Fax: +49 30 31002 558
Abstract:

Polarization divc neterodyne receiver PICs including a tunable 4-section DBR laser as a local
oscillator have been successfully fabricated for the first time. PIC design and fabrication are described
and characteristics of the integrated laser components are presented.

Introduction:

The availability of low cost photonic integrated circuits (PICs) is expected to become very important for
the economic installation of future optical communication systems. Due to its nearly ideal filter
characteristics the heterodyne receiver (HR) is a promising candidate for exploiting the full fibre
capacity within optical frequency division multiplexing (OFDM) networks. The advantages of a
monolithically integrated HR (including the local oscillator) are its compactness, the elimination of an
expensive optical isolator, and the fact that only a single fibre needs to be attached to the chip. In this
paper we report on the first fabrication of GalnAsP/InP polarization diversity heterodyne receiver PICs
(PDHR) and basic balanced heterodyne receiver PICs (BBHR) including a tunable 4-section DBR laser
as a local oscillator. Both receiver chips have been fabricated on 2" semi-insulating InP:Fe wafers and
represent - to our knowledge - the most complex optoelectronic integration concerning the number of
different semiconductor devices based on InP so far.

PIC Design:

The structure PDHR-PIC is shown schematically in Fig. 1. The device consists of 16 elements: A
tunable 4-section buried heterostructure DBR laser with a passive polarization rotator, a signal input
port, a polarization diversity waveguide network (two TE/TM-mode splitters, two TE/TM-mode filters,
and two 3-dB couplers), and a detector unit in a balanced receiver configuration (four photodiodes, two
junction field effect transisitors (JFETs), and two load resistors). Even the somewhat simpler BBHR-
PIC (DBR laser, 3-dB coupler, balanced photodiodes, JFET, and load resistor) is more complex than
other laser integrated HRs reported to date /1,2/.

Laser Technology within the PIC Fabrication:

The tunable laser is the most complicated element in these receiver circuits facing the most technological
challenges and encompasses about two third of the total effort for the PIC fabrication. The laser has an
GalnAsP (Ag = 1.3 um) stripe waveguide and is butt coupled to the low loss strip loaded semi-
insulating GalnAsP:Fe (Ag = 1.05 um) waveguide of the passive polarization diversity network. The
butt coupling scheme was chosen because it offers the chance to change and optimize independently the
design of both the laser and network components. The chip processing starts with the growth of the
basic laser layer stack by MOVPE including an n-contact layer and etch stop layers for vertical
structuring /3/. The next main processing steps are as follows: 1) Formation of a 400 pm long gain
section, a 300 pm long high reflector Bragg section near the PIC cleaved facet, a 110 um phase section,
and a 150 pm partial Bragg reflector internal to the chip, - 2) grating overgrowth, - 3) formation of a
laser island by a special two step etching process,- 4) nearly planar selective area regrowth of the semi-
insulating waveguide layer stack around the laser island by employing an improved two step MOVPE
which is necessary for the polarization rotator fabrication /4/,- 5) formation of the laser stripe by
etching deep trenches down to the n-contact layer using a special etching procedure, - 6) planar selective
area regrowth of current blocking layers on both sides of the laser stripe , - 7) growth of the laser p-
cladding and formation of the laser into a mesa ,- 8) growth of the GalnAs detector layers using MBE
and removal of these layers in the laser and waveguide regions, - 9) etching of a laser n-contact window,
- 10) formation of the p- and n-contacts for the laser and detector unit simultaneously, - 11) etching and
metallization of the polarization diversity waveguide network. The entire fabrication process involves at
present 7 epitaxial growths (3 selective and 4 full wafer growth steps) , 23 photolithographic exposures,
and about 150 processing steps altogether. 30




First Results on Integrated Laser Components:

The threshold currents are 15-25 mA. The laser tuning ranges are <5.5 nm ( 680 GHz) at center
wavelengths Ao between 1547 and 1551 nm (c.f. Fig. 2). At Ao the side mode suppression ratio (SMSR)
and linewidth are 30 dB - 38 dB and < 50 MHz, respectively. In case of an optimum butt coupling
between laser and network waveguide we found coupling losses of 2-3 dB /3/. The waveguide facet
power-current characteristic of a DBR laser/polarization rotator subcomponent chip - cleaved from the
PIC wafer - is depicted in Fig. 3 for TE-, TM-, and un-polarized light. From measurements on single
polarization converters rotation angles of 40°-42° were obtained. The average loss of the polarization
rotator was estimated to be 1.4 dB which is the lowest value for this kind of polarization converter
reported to date. The photocurrent-laser current characteristic of a BBHR-PIC at the cross output port
of the 3 dB-coupler is shown in Fig. 4. First optical heterodyne beat spectra with unmodulated input
light have been recorded from the BBHR-PICs.

References:

/1/ T.L. Koch et al., Electronics Lett., Vol. 25, No. 24, pp. 1621-1623, 1989.
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M42  Complete Single Mode Wavelength Coverage over 40 nm
with a Super Structure Grating DBR Laser.

M. Oberg, P.-J. Rigole, S. Nilsson, T. Klinga, L. Bickbom, K. Streubel and J. Wallin

Laboratory of Photonics and Microwave Engineering, Department of Electronics,
Royal Institute of Technology, Electrum 229, S-164 40 Kista, Sweden

T. Kjellberg

Department of Optoelectronics and Electrical Measurements
Chalmers University of Technology, 412 96 Goteborg, Sweden

Abstract: We experimentally show that every wavelength in an interval of 40 nm can be reached with
a side-mode suppression usually better than 30 dB using a super structure grating (SSG) DBR laser.

Wavelength tunable single mode semiconductor lasers are important components in fibre optical
communication networks as well as in measurement and sensor applications. Widely tunable lasers
have been demonstrated with tuning range exceeding 50 nm. Examples are the Y-laser [1], sampled
(super structure) grating DBR lasers [2,3], and the vertical Grating assisted codirectional Coupler laser
with rear Sampled grating Reflector (GCSR) laser [4]. So far however, gaps in the wavelength-tuning
current characteristics are normally seen and not every wavelength in the total tuning span can be
reached with a reasonable side :node suppression. We show that for a carefully designed super
structure grating DBR laser every wavelength in a tuning interval exceeding 40 nm can be reached
without changing the gain current or the laser temperature.

The SSG-DBR laser consists of 4 sections: 2 SSG reflector sections with different sampling
period, providing multiple reflection peaks, a gain section, and a phase section for fine tuning. The
SSG reflector is designed to provide low ripple reflection in a 60 nm wide window with reflection
peaks separated by 7 nm. The reflector design was realised using a matrix based program [5]. The
broadband reflection characteristic was obtained by mixing gratings with five different grating periods
as shown in Fig 1. Fig 2 shows the reflection of the 400 pm long SSG-DBR with no waveguide loss.

The grating coupling coefficient is estimated to 110 cm-1.

The fabrication of the laser includes five epitaxial steps. The active material is bulk InGaAsP
(Ag=1.58 um). The super structure gratings are written by e-beam lithography with sampling periods of
44.4 um in the front Bragg section and of 49.4 um in the rear Bragg section. The gain section is 250
pm long, the phase tuning section is 150 um, the rear Bragg section is 680 pm and the front Bragg
section 1s 390 um long. Both ends of the laser are anti-reflection coated (R<1%) to avoid unwanted
Fabry-Perot reflections.

All the wavelength tuning measurements were made with a fixed current of 160 mA into the gain
section and at a fixed heat sink temperature of 20°C. In Fig. 3 are shown the tuning characteristics of
the laser when one Bragg current is changed at a time and the other is zero. The wavelength steps are
given by the reflection peak distances of the super structure Bragg gratings. The total tuning range is
around 60 nm limited by the designed difference in sampling periods. The side-mode suppression is
better than -30 dB for all wavelengths except close to the mode jumps. In order to reach the missing
wavelengths in between the reflectivity peaks both Bragg section currents are increased together so that
the two reflection peaks of the lasing mode are tuned at the same speed towards shorter wavelengths.
This tuning scheme can be appplied at every wavelength by pre-biasing one of the Bragg sections to
the desired reflection peak pair and then increasing both Bragg section currents simultaneously. The
rate at which the two Bragg currents are increased is higher for the section with the pre-bias since the
tuning efficiency decreases at larger currents. As can be seen in Fig. 4 almost all the longitudinal
modes between 1533.8 and 1574.5 nm wavelength can be reached with this method. The tuning range
of one peak is limited by the maximum obtainable refractive index change to 7.3 nm. Gaps are still
observed in the tuning characteristics corresponding to longitudinal mode jumps. These missing
wavelengths can easily be reached by using the phase tuning section of the laser. Thus all the
wavelength between 1533.8 and 1574.5 nm can be covered.
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Wide Wavelength Tuning with Narrow Spectral Linewidth
in Thermally Tunable Super-Structure-Grating DBR Lasers
H. Ishii, F. Kano, Y. Tohmori, Y. Kondo, T. Tamamura, and Y. Yoshikuni
NTT Opto-electronics Laboratories
3-1, Wakamiya, Morinosato, Atsugi-shi, Kanagawa, 243-01 Japan
Abstract

Thermal wavelength tuning characteristics of super-structure-grating DBR lasers with
integrated heaters are demonstrated. A quasi-continuous tuning range of 40 nm is obtained while
keeping the spectral linewidth below 400 kHz.

Introduction

Wavelength tunable laser diodes will play important roles in future wavelength-division-
multiplexed (WDM) networks and optical measurement systems. We have developed super-
structure-grating (SSG) DBR lasers to enlarge the tuning range{1-3]. A common method of
wavelength tuning in DBR lasers is electrical tuning which utilizes the carrier plasma effect.
However, the electrical tuning causes the spectral linewidth to broaden. For coherent optical
communication and coherent optical measurement system applications, narrow linewidth
operation is important. Hence, narrow spectral linewidth is required as well as wide tunability for
such systems. Thermal tuning is a attractive way to avoid broadening the linewidth{4,5]. This
paper reports both wide tunability and narrow spectral linewidth operation in thermally tunable
SSG DBR lasers.
Device Structure

The device structure is shown schematically in Fig. 1. It consists of an active (300 um), a
phase-control (150 pm), and front and rear SSG DBR regions (400, 600 um). The 1580-nm-
bandgap strained MQW (1% compressive, 6 wells) is introduced in the active region, and 1300-nm-
bandgap passive layers are butt-jointed to the active region. A 5-step MOVPE was used for the
fabrication. The 1.2-pm-wide laser stripe was buried by p-n current-blocking layers. Phase-shift
configurations in the SSGs were numerically optimized to realize uniform reflection peaks{6] and
were patterned using electron-beam lithography. Anti-reflection films were formed on both end
facets to reduce the SSG peak variation. P-side electrodes are separated from each other by a
groove formation. Pt heaters for thermal tuning were integrated into the device over the phase-
control and the SSG-DBR regions, where the heaters and p-side electrodes are isolated from each
other by SiO2 film. In this device, both electrical and thermal tuning is possible.
Characteristics

The electrical and the thermal wavelength tuning characteristics respectively are shown in
Fig. 2 (a) and (b). When we were taking our measurements, the current to the active region was
constant at 100 mA, and heat-sink temperature was controlled to 25°C with a Peltier device. The
lasing wavelength is changed with discrete steps of SSG peak spacing (~5 nm) by injecting a SSG
current or by heating the SSG region. Stable single-mode oscillations in 8 SSG modes were
observed for both electrical and thermal tuning. Although tuning characteristics are almost
equivalent, the behavior of the spectral linewidth clearly differs between the two tuning method.
The current injection remarkably broadens the linewidth, however the thermal tuning doesn't
change the linewidth. In addition to the discrete tuning shown above, the device can continuously
cover the tuning range if three tuning ports are simultaneously controlled. Figure 3 shows the
linewidth and the mode suppression ratio (MSR) under quasi-continuous tuning, where the
linewidth and the MSR are shown by 1-nm steps. We obtained a narrow linewidth of less than 400
kHz and a MSR of more than 35 dB in the 40-nm wavelength range.
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Conclusion

A quasi-continuous tuning range of 40 nm with a narrow spectral linewidth of less than 400

kHz was obtained from thermally tunable SSG DBR lasers.
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M4.4

A Multiwavelength Wavequide Grating Router Laser

M. Zimgibl, B. Giance, L. W. Stulz, C.H. Joyner, G. Raybon, 1.P Kaminow
ATAT Bell Laboratories, Holmdel, NJ, 07733

Abstract: Measurements on a multiwavelength laser source are reported. The source can emit
cw simultaneously on 11 frequencies that are precisely spaced by 3.2 nm. Laser oscillation
occurs on a single longitudinal mode with a 5 MHz linewidth. The 18 mm long cavity limits the
direct modulation rate to 155 Mbps.

Lasers, that are based on the integration of a waveguide grating router with amplifiers are
capabie of producing a set of frequencies that are spaced very precisely and are therefore
attractive for WDM systems. Here, we report on the performance of such a packaged WGR laser
(WGRL) identical to the device in Ref. (1).

For single channel measurements, the laser reaches threshold at 80 mA total current (40 mA
per amplifier). Up to 1 mW of power could be coupled into a fiber when the laser was biased with
400 mA total current. The laser operates on a single longitudinal mode for most biasing
conditions. Near threshold conditions; small sidemodes appear, spaced from the main mode by 5
GHz. Iif pumped even lower, the main mode separates into about 15 modes equally spaced by
2.5 GHz. The linewidth of the lasing mode was found to be 5 Mhz. The laser is capable of
emitting cw on several channels simultaneously as shown by the spectra in fig. 1 which were
obtained by pumping every second wavelength channel (top curve) and all wavelength channels
(lower curve).

A network analyzer was employed to investigate the small signal response of the device, which
is displayed in Fig.2. The 3 dB point is around 700 MHz. We can clearly see strong resonance’s
at 2.5 GHz and 5 GHz which correspond to the round-trip frequency and 2nd harmonic of the 1.8
cm long laser cavity. The strong resonance at 2.5 GHz suggest that this laser may be a
candidate for modelocking to generate a train of soliton puises.

Finally, we used the WGRL for a digital data transmission experiment. The applied signal was a
random bit stream at 155 Mbps. In Fig. 3, we plot the bit-error rate versus received power. For
10" bit error rate, the received power was -39 dBm. in the inset of the figure is shown the eye
diagram. We can clearly distinguish the effect of the slow turn on time of the laser which gives
rise to the timing jitter at the onset of the non-retum-to-zero (NRZ) puise. This time delay is
about 2 ns. The system could run up to 250 Mbhps, at the expense of a large power penaity of 10-
15dB.

in the present configuration, we cannot modulate several wavelengths simuftaneously. Since all
channels go through the same output amplifier, crosstalk due to gain saturation is important.
Even though this is bad news for the potential use of this device as a multifrequency transmitter,
this behavior may be exploited for other applications.

The present limitations of our device in terms of bit-rate and gain crosstalk can be circumvented.
Gain crosstalk can be eliminated by using a purely passive output port. if one wants to overcome
the limitations imposed by the long cavity round-trip time, the device would have to be integrated
with extenal modulators and a second multiplexer wouid have to remultiplex the signals. The
actual modulation speed of 155 Mbps may not be sufficient for point-to-point transmission
systems. For local loop applications, however, this rate may be adequate.

(1) M. Zimgibl, C.H. Joyner, Postdeadline paper PD16, OFC’'94, San Jose, 1994.
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4:30pm - 4:45pm
M4.5 A fast switching N-Frequency laser integrated with an electroabsorption
modulator.
U Koren,B. Glance, N.K. Shankaranarayanan, B.l. Miller, M.G. Young, M. Chien
AT&T Bell Laboratories, Holmdel, N.J. 07733

The use of N-frequency tunable distributed Bragg reflector (DBR) lasers has been
suggested for WDM switching and routing networks [1,2]. Such networks employ different
optical frequencies to enhance the transmission capacity, and to direct optical signals to
different destinations. For example, it is possible to use passive demultiplexers such as
WDM routers [ 3] to direct packets of information to different destinations according to
their optical frequency.

For such applications, lasers which can be switched between a set of predetermined
frequencies, while using external LiINbO3 modulators for data encoding have been
demonstrated [4]. In the present work we describe the performance of an integrated
device which combines a fast frequency switching laser, and an external
electroabsorption modulator for data encoding, on the same semiconductor chip.

The schematic structure of the device is shown in Fig. 1. The gain section has been
cleaved to a precise length to achieve tuning mode spacing of 50 GHz with better than
0.5% precision. The device structure and fabrication process have been previously
described [ 5]. In the present configuration, a 40 um long window section has been
included, to suppress residual reflections from the AR coated front facet. The
superimposed spectra of 18 tuning modes, using an optical spectrum analyzer and
applying a linear ramped current signal to the tuning section is shown in Fig. 2.
Although the number of channels is limited to 18 by the tuning range of this device,
similar devices with 23-24 channels have been made with 50 GHz channel spacing. The
modulator was biased at -0.94 Volt and driven with a 2 Volt peak to peak RF signal,
using 1 Gbit/sec, non return to zero (NRZ) pseudo random bit stream (PRBS), with

215 -1 pattern length. Under these conditions the extinction ratio of the modulator was
about 10 dB. The tuning section was driven by a fast arbitrary waveform generator and
also by a fast function generator and a matching resistor network. The optical output of
the packaged device was demultiplexed using a commercial Mach Zender (MZ)
interferometer with nominal channel spacing of 49.5 GHz. Fig. 3. shows the device under
modulation and being switched between channels 17 and 0. The optical signal is directed
to the different ports of the MZ demultiplexer (traces (b) and (c)), according to
whether the channel number is even or odd. The switching time is shorter than 10 nsec
and limited by the tuning driving voltage, as shown in trace (a). A pseudo random
switching sequence through channels 17,0,15,4,13,6,5,16,7,12,9,2,3,10,11,8,1,14,17
is shown in fig. 4. with channel holding time of 25 psec. As seen, the modulated signal is
directed, without errors, to the two output ports according to the parity of the channel
number. In conclusion, we demonstrate a fast switching multi-frequency laser with an
integrated electroabsorption modulator used for data encoding.
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2. L.P. Kaminow et al, Optical fiber communication conf. paper WD1, San Jose Ca
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M4.6 Novel high performance strained layer MQW monolithically integrated DFB
laser-electroabsorption modulator using one identical single active layer

A Ramdane, A Ougazzaden, F Devaux, F Delorme, M Schneider*, J Landreau and A
Gloukhian

France Telecom, CNET/PAB, BP 107, Bagneux Cedex, 92225 France
* CNRS, Laboratoire de Microstructures et de Microélectronique, BP 107, Bagneux Cedex,
92225 France

Abstract: A novel and very simple approach is demonstrated for strained layer MQW
distributed feedback laser-electroabsorption modulator monolithic integration with very high
performance at 1.5 pum (13.6 dB extinction ratio at 1.5 V operating voltage for a 70 um long
modulator)

Introduction: Monolithic integration of a single longitudinal mode laser such as a distributed
feedback (DFB) laser and an external electroabsorption modulator based on the quantura
confined Stark effect (QCSE) has become a very attractive route to provide for high speed and
low chirp light sources in the 1.55 pm wavelength range. The first integration schemes
involved multi-epitaxy growth of distinct active layers for the two devices (1). Critical epitaxial
steps are then required especially to achieve efficient optical coupling between the two
waveguides. Selective area growth was recently successfully applied to laser-modulator
monolithic integration (2). This method is based on the variation of the bandgap of multiple
quantum well (MQW) material in the same plane with one single growth over masked
substrates. In this case however, substrate preparation prior to the epitaxy remains critical. We
have more recently demonstrated another simple planar method to integrate a DFB laser and an
external modulator (3). In this latter, selective disordering of a particular MQW stack is
performed after standard growth of one single active layer, where adverse thermal wavelength
shifts during the regrowth step have to be taken into account. In this work a novel yet much
simpler approach is proposed and demonstrated for laser-modulator monolithic integration.
The principle: Here the two devices are made of one identical single active layer and the
approach is based upon the positive detuning, i.e. to longer wavelength, of the DFB laser
Bragg wavelength relative to that of the optical gain spectrum peak (4).The amount of detuning
that ensures opumal wavelength compatibility is achievable thanks to the inherently wide gain
spectrum exhibited by strained layer MQW material (5).
The success of the method also relies on a sharp excitonic absorption curve as well as on the
ability to pin the Bragg wavelength to the required value, for which modulator insertion loss is
kept minimal.
Device growth and fabrication: A novel structure that minimizes intermixing between
well and oarrier material has been adopted (6). An InGaAsP/InGaAsP MQW stack, for which
both barriers and wells have the same group V (As/P) composition, has been grown by
atmospheric pressure MOCVD in a T-shaped reactor. It consists of ten compressively strained
9 nm wide wells surrounded by tensile-strained 9 nm wide barriers. After grating formation in
the laser section, a standard buried ridge stripe structure is processed. Electrical isolation of the
pin laser diode and that of the modulator is achieved by means of proton implant=fion.
Device results: Figure 1 shows the optical absorption spectrum of the ~ctive layer measured
at room temperature. The peak at 1540 am corresponds to the heavy hole -electron excitonic
transition. The DFB grating was hence designed for laser emission to occur at a wavelength of
minimal absourption.This is illusrated in the inset which shows single mode operation at 1584
nm. Integrated device threshold currents ranged between 40 and 50 mA, to be compared with
35 mA measured for discrete Fabry-Perot laser made on the same wafer. Up to 3 mW optical
power is available at modulator output. The modulation performances of integrated devices
have been assessed by coupling the output power from the modulator facet to a pin
photodetector through a single mode fiber. The results are shown in figure 2 for a 400 um long
laser and only 70 pm long modulator. An on-off ratio of 13.6 dB is achieved for a bias voltage
of 1.5 V. Optical insertion losses have been measured for cleaved discrete modulators at
different wavelengths using an F-center laser. At 1.58 um th2y amount to 4.4 dB/100 pm.
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This corresponds to 3 dB for a 70 pm long modulator and thus very acceptable for transmission
applications.

In summary we have proposed a novel and very simple approach for laser-modulator
monolithic integration, necessitating only standard growth and processing. Very high
performance (13.6 dB extinction ratio at a voltage of only 1.5 V) is demonstrated for a very
short (70 um long) modulator, which further implies bandwidths in excess of 20 GHz.

Acknowledgements: We are grateful to M Carré, F Huet and G Le Mestreallan for technical
assistance, Ph Krauz for proton implantation and A Carenco, C Kazmierski, A Mircéa for
fruitful discussions.This work was partially supported by the EEC under the RACE 2006-
WELCOME project.
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M4.7
Low-Chirp Integrated EA-Modulator/DFB Laser Grown by Selective-Area

MOVPE

J. E. Johnson, T. Tanbun-Ek, Y. K. Chen, D. A. Fishman® , R. A. Logan, P. A.
Morton, S. N. G. Chu, A. Tate, A. M. Sergent, P. F. Sciortino, Jr., and K. W.
Wecht

AT&T Bell Laboratories
600 Mountain Ave., Murray Hill, NJ 07974

2.5 Gbit/s transmission over 517 km of standard fiber is reported using a
monolithically integrated EA modulator/DFB laser by selective-area MOVPE. A
low chirp of 0.13 A peak-peak and good reliability are shown.

Monolithically integrated external active region during mass transport
electroabsorption-modulator/DFB smearing of the exposed grating,
lasers (EMLs) are expected to be key followed by removal of the SiO2 and
components in future long-haul growth of an n-InP spacer layer.
lightwave transmission systems us- Next, another SiO2 layer is deposited
ing existing installed fiber and er- and patterned with two parallel
bium-doped fiber amplifiers (EDFAs), stripes separated by a gap in the
due to their low chirp, compact size, active region. The separate con-
low drive voltage and long-term sta- finement waveguide and MQW active
bility. EMLSs have been demonstrated layers, consisting of 5§ InGaAsP
using etch-and-regrow (1] or butt- quantum wells and 1.28Q InGaAsP
joined [2] processes, but these pro- barriers, are formed during the SAG
cesses are complex and unsuited for growth step, with the enhanced In
high-yield manufacturing, and the concentration between the SiOg
introduction of additional regrown in- stripes resulting in a difference in
terfaces internal to the device poses bandgap energy between the laser
reliability concerns. In this paper, and modulator. This is followed by
we report on an EML fabricated using the conventional capped-mesa buried
the selective-area MOVPE growth heterostructure (CMBH) formation.
(SAG) technique [3, 4], which results Reactive ion etching is then used to
in a device with a continuous active electrically isolate the laser and
layer and simplified processing. modulator. Finally, ohmic contacts
These devices show good reliability as are formed, the chips are separated,
well as excellent transmission per- and an AR coating is applied to the
formance. modulator facet. The completed
X SAG-EML is shown schematically in
Fabrication of the SAG-EML is by low Fig. 1. The lengths of the DFB la};er,
pressure MOVPE. First, an etched isolation gap and modulator are 350,
grating is formed on the InP 100 and 200 pm.
substrate, followed by a patterned
SiO2 layer, which is used to The DFB laser threshold current is 12
selectively protect the grating in the mA (10-20 mA typical), and 1555 nm

output power at Ijgs = 100 mA and

* AT&T Bell Laboratories, Holmdel, NJ
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Vmod = 0 Vinto a broad area detector
is 2.5 mW (2-6 mW typical). The
extinction ratio is better than 12 dB
for Vmod = -2 V. Reliability of the
SAG process has been confirmed by
operating SAG-EMLs at 100 °C and
Ilas = 200 mA for 24 hours with less
than 2 mA increase of It;,. Longer-
term burn-in studies at 60 ° C are
underway. The time-resolved wave-
length chirp of the unpackaged SAG-
EML was measured using a
microscope objective to couple the
light into single-mode fiber. With 2.5
Gbit/s NRZ modulation at I} = 90
mA, Vmod = -1.3 V(DC) and 2.5
V(peak-peak), the chirp was only 0.07

peak-peak. After packaging with
an AR-coated lensed fiber, the chirp
increased to 0.13 A, indicating that
there is a small reflection from the
fiber tip back into the laser. The
transmission performance was then
measured over 517 km of standard
fiber, with EDFAs spaced every 100
km. The dispersion penalty is only

=2~ 23-1

24988 .32 W L.

B.E.R. clock

Fig. 1. Schematic illustration of the
integrated EA modulator/DFB laser.
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1.2 dB at a BER of 10-10, as shown in
Fig. 2. To conclude, we have
fabricated monolithically integrated
EA modulator/DFB lasers, using the
selective-area MOVPE technique,
which results in devices with high
reliability, ease of manufacturing,
and very low chirp.
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Ma.8 Digitally encoded optical pulse generation from an integrated DBR laser-modulator

G. Raybon, N. M. Froberg, U. Koren, B. . Miller, M. G. Young, M. Chien,
A. M. Johnson, P. B. Hansen, C. A. Burrus, J. J. Veselka, A. H. Gnauck

AT&T Bell Laboratories, Crawford Hill Laboratory
Holmdel, NJ 07733, U.S.A.
(908) 888-7221

Abstract: We demonstrate a novel modulation scheme in which both data-encoding and pulse generation are
achieved using a single integrated semiconductor laser/modulator. Data-encoded, near-transform limited 66 ps
pulses are obtained at 2.5 Gbit/s and BER performance is reported.

Recently, picosecond soliton pulse generation using sinusoidally driven electroabsorption
modulators has been reported using both discrete [1] and integrated modulators [2]. In contrast
to mode-locked lasers, the repetition rate of modulator based pulse generation can be tuned
continuously over the limit of the modulator bandwidth and is not limited to a fixed resonant
frequency. In order to encode data on the pulse stream, the intensity is modulated either by an
external modulator or by integrating a second modulator {3]. In this paper, we demonstrate a
potentially low-cost single-chip pulse transmitter consisting of a DBR laser integrated with one
electroabsorption modulator. The DBR laser is directly modulated at 2.5 Gbit/s generating an
optical non-return-to-zero (NRZ) signal out of which the sinusoidally driven integrated
modulator carves a pulsed data-encoded signal. We report near transform-limited 66 ps pulse
output and the bit-error-rate (BER) performance of the transmitter in a back-to-back
transmission experiment.

The integrated DBR laser- |
modulator [4] shown in Fig. 1, _J—Lr——l_
consists of a strain-compensated
strained-layer (SCSL) multiple
quantum well laser which is ASER | GRATING MODULATOR
tunable by local heating of the MW
grating section via a surface

resistor. The modulator, which is HR
regrown on top of a 1.3/1.1 um
quaternary passive guiding layer, is Fig. 1: Experimental configuration for data-encoded pulse

a bulk electroabsorption modulator generation using the integrated laser/modulator transmitter.
and is followed by a 45 um window region. An anti-reflection coating is applied to the facet.
The choice to integrate a DBR laser enables wide wavelength tunability and a 6.5 nm tuning
range near 1.55 um is obtained. Optical pulses are carved out of the data-encoded light from the
directly modulated DBR laser by biasing the modulator near full extinction and applying a
sinusoidal voltage which temporarily reduces the attenuation. At 2.5 GHz, 66 ps pulses are
obtained for a DC bias of -4.5 V and an RF power of 25 dBm applied to the modulator.

Digital data is encoded by on-off modulation of the DBR laser as shown schematically in Fig. 1.
The laser is biased near threshold and a 2.5 Gbit/s pseudorandom 2”-1 NRZ signal is applied to
the laser contact with a peak-to-peak voltage of 0.7 V. The phase of the sinusoidal drive to the
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modulator is optimized to align the peak amplitude of the sine wave to the center of the NRZ bit
period. Figure 2 shows the optical spectra as measured using a high finesse scanning fiber Fabry
Perot for the pulses with (a) and without (b) digital modulation of the laser. The measured time
bandwidth-product of the pulses is 0.36. Data encoding by direct modulation of the laser
broadens the spectrum by approximately 25% from 5.4 GHz to 7.3 GHz.
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Fig. 2: Time averaged optical spectrum of (a) data- Fig. 3: BER measurement at 2.5 Gbit's of RZ
encoded pulses and (b) pulses only measured on laser/modulator compared to a source with an external
scanning Fabry Perot. modulator. Inset: RZ eye diagram of laser/modulator.

The performance of the laser/modulator as a transmitter was evaluated in a back-to-back (< 1km
of fiber) transmission experiment using an Erbium-doped fiber amplifier in the transmitter to
boost the optical power and a PIN detector as the receiver. Figure 3 shows the measured bit-
error-rate (BER) as a function of received optical power for the integrated laser/modulator
transmitter and a reference RZ source. The reference source consists of the laser/modulator
operating solely as a pulse source, followed by a dual drive LiNbO, Mach Zehnder modulator.
At a BER of 10°, a 1.4 dB penalty is observed for the laser/modulator compared to the reference
RZ source. The eye diagram is shown in the inset of Fig. 3. Timing jitter, measured on the
rising edge of the eye using a digital oscilloscope differs by only 2 ps between the two sources.
The power penalty in the BER measurement originates mostly from the amplitude fluctuation of
the bits caused by direct modulation of the laser.

In conclusion, a semiconductor optical pulse transmitter is demonstrated by directly modulating
a DBR laser and carving pulses with a sinusoidally driven electroabsorption modulator. At 2.5
Gbit/s, 66 ps near transform-limited operation and error-free transmission is obtained. This
monolithic device is a potentially low-cost single-chip RZ pulse transmitter for application in
soliton and OTDM/WDM type systems.
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8:30am - 8:45am
T High Power Quantum-Well Gain-Coupled (GC) DFB Lasers at 1.3uym and 1.55ym

B. Borchert, J. Rieger and B. Stegmiiller
Siemens AG, Corporate R&D, Otto-Hahn-Ring 6, 81730 Munich, GERMANY

Abstract: High power characteristics of quantum-well gain-coupled DFB lasers with a loss grating are
presented. Among these are record single-mode (SM) values of 115mW at 1.3uym and 95mW at
1.55um. The SM-yield at 20mW is as high as 66%.

introduction: High SM power transmitters, i.e. DFB lasers, are often advantageous in optical
communication systems, since they enable high sharing factors or efficient pumping of fiber
amplifiers. Recently GC-DFB lasers have been demonstrated as promising attematives to the
commonly used index-coupled DFB lasers [1-3]. In the following for the first time very high power SM
operation of GC-DFB lasers is presented.

Design and Fabrication:For both the 1.3um and 1.55um GC-DFB structures a stable high power
design was developed. Accordingly a moderate «L-product around 1.5-2 (xindex = %gain = 20/cm,
L=600um) was envisaged. The actual device structure is sketched in Fig.1. The anti-phase grating
configuration was chosen due to its superior stability behavicurs as compared to the in-phase grating
[4). The active layer comprises quatemary strained QW's to ensure enhanced laser performance [5].
The whole laser structure was grown in two epitaxial steps by MOVPE. Subsequently 3um wide ridge-
waveguide (RWG) lasers were processed and mounted episide-up on copper heatsinks. ARHR
coatings were applied to get high power SM operation of the GC-DFB devices with reasonable yield
[6l.

Results, 1.3um devices: First, the power dependence of the SM-yield was investigated by statistical
bar measurements. The results are shown in Fig.2. The SM-yield drops from 80% slightly above
threshold (i.e. SmW) to 86% at 20mW, a still reasonable value. These results agree fairly with the
predictions of [6], showing the potential of GC-DFB lasers for high power SM operation. The decrease
of the SM-yield with increasing power is caused by hole buming effects, which may be weaker than in
index-coupled DFB lasers, but which are still present. This is indicated by the decrease of the SSR at
very high power levels and finally by the onset of multimode emission at still higher levels above 110-
115mW, see Fig.3, where the P-! characteristic of an AR-coated 1.3um GC-DFB laser is shown.
Nevertheless at 25°C (15°C) more than 100mW (115mW) SM power are emitted with a SSR>20dB,
which is among the highest values for the SM power of solitary laserdiodes reported up to now.
1.55um devices: Fig.4 shows the SM power of an AR/HR-coated 1.55um GC-DFB device at different
temperatures. More than 80mW were measured at 15°C (SSR around 30dB). Optimization of the
lateral waveguiding in the RWG structure and of the detuning of the Bragg wavelength should lead to
further improvements especially at higher temperatures. The power dependence of the SM-yield of
these devices is comparable to those at 1.3um. 47




In conclusion, for the first time very high power SM operation of 1.3um and 1.55um GC-DFB lasers
was presented. Potential for further improvements has been indicated.
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T.2 Complex-coupled A/4-shifted DFB lasers
with a flat FM response from 10 kHz to 17 GHz

M. Okai, M. Suzuki, T. Taniwatari, and N. Chinone
Central Research Lab., Hitachi, Ltd., Kokubunji, Tokyo 185, Japan

Semiconductor lasers with a flat FM response are required for coherent FSK transmission systems.
The proposed complex-coupled A/4-shifted DFB laser gives a flat FM response from 10 k to 17 GHz.

The frequency of lasing light can be modulated directly by modulating the current injected into
semiconductor lasers. However FM response decreases in the modulation frequency range of 1-500
MHz due to competition between the thermal red shift dominant in low modulation frequency ranges
and the carrier blue shift dominant in high modulation frequency ranges [1]. We proposed a complex-
coupled A/4-shifted DFB laser to obtain a flat FM response by utilizing the self-suppression effect of
longitudinal spatial hole-burning [2]. In this paper, we report on device performance of the
proposed DFB lasers.

A schematic structure of the complex-coupled A/4-shifted DFB laser is shown in Fig. 1. A/4-shifted
grating is fabricated on top of the InGaAsP active layer. The active region is embedded by Fe-doped
InP and the 6-um-wide mesa structure fabricated by dry etching to reduce parasitic capacitance. The
cavity is 200-um long and both facets are anti-reflection coated with a sputtered SiNy thin film.

The longitudinal spatial hole-burning effect is suppressed by increasing the current injected into the
laser and wavelength is tuned longer. A flat FM response is expected because both the thermal effect
and the carrier effect are red shift in this laser. Figure 2 shows calculated wavelength deviation from
the Bragg wavelength (3L) and the normalized threshold field-gain difference between the main mode
and the biggest submode (AoyhL) as a function of normalized driving current (J/J). The wavelength
is tuned longer (8L decreases) and single-mode operation stabilizes (AayhL increases) with the
increase in driving current due to the self-suppression effect of the longitudinal spatial hole-buming
In this calculation, the normalized coupling coefficient kL is assumed to be 2.0, the normalized gain
coupling coefficient kgL is 0.6, and the linewidth enhancement factor a is 7.0.

FM response as a function of the modulation frequency at a 15-mW output power is shown in Fig.
3. A flat FM response from 10 kHz to 17 GHz is obtained and a high FM response of 1.25 GHz/mA
is obtained at a modulation frequency of 1 GHz. The wavelength is tuned longer within the
modulation frequency range and response speed is limited by parasitic capacitance. Figure 4 shows
the FM response as a function of the output power at a modulation frequency of 1 GHz. Here, the
FM response is shown to decrease with increases in the output power as is expected from the
calculated results shown in Fig. 2. Spectral linewidth is shown as a function of the output power in
Fig. 5. Spectral linewidth is 10.2 MHz at an output power of 15 mW.

[1] S. Kobayashi et al., IEEE J. Quantum Electron., vol. QE-18, pp. 582-595, 1982.

[2] M. Okai, Electron. Lett., vol. 29, pp. 1497-1498, 1993.
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High-power and high-speed performance of gain-coupled 1.3 pm
strained-layer MQW DFB lasers

H. Ly, C. Blaauw, B. Benyon, and T. Makino
Bell-Northem Research, P. O. Box 3511, Station C, Ottawa, Canada K1Y 4H?

Abstract- High power and high modulation bandwidth 1.3 tm DFB lasers with gain coupling in a
strained-layer MQW active region are reported for the first time. Due to the nature of the gain
coupling effect, devices show lasing spectra with a consistently high single mode yield.

Dynamic single mode 1.3 um DFB lasers with narrow spectral linewidth and high modulation
bandwidth are highly desirable for long haul and high bit-rate optical communications using
normal single mode fiber because of zero dispersion at this wavelength. Also, recently there is an
increasing demand for high speed and high power lasers to satisfy broadcast requirements to many
channels in data interconnect and switching applications.

1.55 pm DFB lasers with pure gain-coupling [1], partial gain-coupling {2],[3], and loss-coupling
[4] have been demonstrated to have many advantages over conventional index-coupled DFB lasers
such as high single mode selectivity, less sensitivity to external reflections, high modulation
bandwidth and reduced wavelength chirp. However, there are no reports of such devices operating
at 1.3 pum wavelength.

In this paper, we present for the first time the fabrication and the lasing performance of partly
gain-coupled 1.3 pm DFB lasers, for which a high single mode yield and high output power with
high quantum efficiency and high modulation bandwidth are the main performance objectives.

Fig. 1 shows a TEM of the layer structure, which was fabricated by two-step MOCVD. An
active region containing nine strained quaternary quantum wells (0.7 % compressive strain) was
grown in the first MOCVD stage. A first order grating pattern was formed by holographic
exposure and chemical etching through the top five quantum wells followed by a second
overgrowth to produce both gain and index coupling. The ratio Kgainl/KindexL. is estimated to be
around 1/50 to 1/100 for devices with cavity length L of 150 pum to 400 pum; this gain coupling
fraction is supplement to effectively increase the threshold gain margin between the two Bragg
modes in favor of single mode operation at the long wavelength side of the stop band.

Fig. 2 shows the typical light-current curves for ridge waveguide lasers with different values of L
at 309C. The threshold currents I, typically vary between 18 mA and 32 mA for devices with L =
150 pm to 375 wm. The slope efficiencies were approximately 0.40 mW/mA and 0.20 mW/mA
for devices with L = 150 pm and 375 um, respectively. Good linearity of light-current curves
over 50 mW was achieved for devices with L = 200 pum and longer, where the lasing spectra
maintaired single modes. Fig. 3 shows the lasing spectra at a current below Iy, and at 20 mW
output power for two devices with short and long cavity lengths. The stop band was measured to
be around 3.3 - 3.6 nm, which corresponds to k jndex= 200 cm-l. The dominant longitudinal
mode is on the long wavelength side of the stop band as the gain coupling favors this mode. The
side mode suppression ratio is greater than 50 dB for both short and long cavity devices. The
internal loss and internal quantum efficiency were estimated to be around 15 cm-1 and 0.83,
respectively, from FP lasers with a similar structure.

To investigate the laser dynamic characteristics, RIN measurements were carried out. High
resonance frequency and high intrinsic bandwidth were obtained with typical f; ~ 12 - 14 GHz at
10 mW output power and very low RIN (below -155 dB/Hz measured at 2.5 GHz). The typical
small signal frequency response of these 1.3 um gain-coupled DFB lasers at different bias currents
is shown in Fig. 4 for a device with L = 250 um; Iy, is around 22 mA for this device.  The
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measured -3 dB bandwidth is 18 GHz at 85 mA bias current for this gain-coupled DFB laser.
Because of the high damping characteristics and the high bandwidth, the device shows a good eye
opening of the optical output waveform 10 Gbit/s speudorandom NRZ modulation.

In conclusion, we have demonstrated high power with single mode operation up to 50 mW of
partly gain-coupled 1.3 um DFB lasers. The devices showed very low RIN and a high measured
bandwidth of 18 GHz, which makes them suitable for long haul high bit-rate optical
communication systems. They are also suitable for 10 Gbit/s optical data switching and
interconnect and analog applications when the high power, low distortion and low RIN lasers are
required.

[1] Y. Nakano, K. Tada, Y. Luo, H. Hosomatsu, T. Oki, H. Iwaoka, Proc. of ECOC/100C"91,
Paris, pp. 1-8, 1991.
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QE-29, pp. 1736-1742, 1993.

[3]1H. Ly, S. McGarry, G.P. Li, T. Makino, Electron. Lett., vol. 29, pp. 1369-1370, 1993.

[4] B. Borchert, K. David, B. Stegmuller, R. Gessner, M. Beschomner, D. Sacher, G. Franz, IEEE
Photon. Technol. Lett., vol. 3, pp. 955-957, 1991.
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T1.4
Anomalous Dynamic Wavelength Chirp in Gain-Switched Short

Optical Pulses from Absorptive-Grating Gain-Coupled DFB Lasers

Tsurugi K. Sudoh, Yoshiaki Nakano, K....iv [ada, and Takaaki Hirata*

Department of Electronic Engineering, University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo, 113, Japan
Phone: +81-3-3812-21171 ext. 6777, Facsimile: +81-3-5802-3213

Abstract- Instantaneous wavelength shifts in gain-switched short optical pulses from absorptive-
grating gain-coupled (GC) DFB lasers were measured and compared with those of Fabry-Perot la-
sers. The GC DFB laser showed characteristic wavelength shifts which resulted in much smaller
chirping. Its mechanism is discussed.

One important advantage of the gain-

AWCr electrode

coupled (GC) distributed feedback (DFB) §i02
semiconductor laser is its capability of gener- p-Gao ssAk0 4sAs cladding
ating nearly-transform-limited short optical p-Gao 75Ak 25As waveguide
pulses by simple gain switching configura- m;\mxegxg
tion.1-3 This is particularly useful for soliton p-Gao.ssAlo 4sAs barmer

‘et P u-SCH-MQW active
transml_ssmn sysber.ns.. In order to clarify its n-Go s5Ak0.4sAs cladding
mechanism, a preliminary experiment was SL buffer
conducted where time-resolved spectra of the n-GaAs buffer

. . . n-GaAs s' ostrate

gain-switched optical pulses were observed.4 AwAu-Ge electrode

This paper describes further investigation in
this respect, emphasizing comparison with
conventional lasers with the same layer
strr “ture.

. igure 1 shows a schematic of the GC DFB laser fabricated by two-step OMVPES and measured
here. Thin GaAs periodically allocated above the MQW active layer provides periodic absorption, thus
producing gain coupling. Pitch and duty cycle of the GaAs absorptive grating are 374nm (3rd order) and
approximately 25%. A 4um-wide ridge waveguide is formed on the epitaxial wafer. It is cleaved into
200um-long devices whose facets are left uncoated. Typical threshold current and differential efficiency
were 15mA and 0.5W/A/facet at 20°C. Lasing wavelength was around 840nm. The gain- and index-
coupling coefficients were estimated to be 30cm-! and 20cm-1, respectively. Fabry-Perot (FP) lasers
measured here for comparison were fabricated in exactly the same manner, except that the GaAs ab-
sorptive layer was removed entirely before the regrowth.

The devices were driven by current pulses of 130ps width, about 300mA peak amplitude, and
100MHz repetition rate, which were added on a DC bias current. Generated short optical pulses were
observed by a streak camnera. Figure 2 shows bias-current dependence of output pulse energy and pulse
width in the GC DFB laser. The pulse energy increases monotonously with the bias while the pulse
width decreases once and then increases. The minimum width in this particular case was 30ps.

Next, time-resolved spectra were taken by placing a grating monochromator before the streak cam-
era. Typical streak images of the P and GC DFB lasers showing instantaneous wavelength shifts are
illustrated in Figs. 3 and 4, together with intensity profiles (their time-width is stretched because of
path-length difference in the monochromator). The FP laser was biased at I,;, and the GC DFB laser
was biased at 0.38 I,;, (a) and 1, (b). Pulse energies were 17.8pJ, 4.8pJ, and 13.2pJ, respectively. As is
common, multi-mode oscillation is observed in the FP laser. The GC DFB laser shows complete dynamic
single-mode oscillation at any bias level.

Fig. 1. Schematic drawing of the MQW GC DFB
laser with a GaAs absorptive grating.

*Devices Laboratory, Yokogawa Electric Corporation, 2-9-32 Naka-cho, Musashino-shi, Tokyo, 180, Japan.
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At the beginning of the optical pulse, the instanta-
neous wavelength of both the FP and GC DFB lasers
shifts toward longer wavelength (red shift). However,
in the GC DFB laser the shift rapidly becomes smaller
as the intensity reaches its maximum. This results in
much smaller chirping. By contrast, the wavelength
still shifts toward the longer side in the FP laser. Fur-
thermore, we notice that the wavelength shift has
bias dependence in the GC DFB laser. In Fig. 4 (a) the
wavelength slightly moves back toward shorter side
(blue shift) around the pulse peak while it shows a
slight red shift in Fig. 4 (b).

To explain this anomalous behavior, we need to
consider photon-density-dependent absorption (satu-
rable absorption) of the GC DFB laser grating. From
the output pulse energy and the coupling coefficients,
the photon density in the absorptive regions is esti-
mated to be in the order of 1018¢m-3, which is suffi-
cient for saturation of the absorber. In the FP laser,
the monotonous red shift is due to the monotonous
decrease in carrier density throughout the optical
pulse duration. In the GC DFB laser, the refractive
index of the absorptive grating be-
comes lower due to saturation as
photon density increases, so that the
red shift can be canceled at high pho-
ton density regime.

In Fig. 4 (a), this blue shift over-
comes the original red shift near the
pulse peak. When the pulse energy is
relatively high in Fig. 4 (b), the ab-
sorptive region is almost bleached
and the refractive index does not
change much. Therefore, we observe
net red shift around the pulse peak.
In between these two extremes,
there is an optimum pumping where
we can obtain chirp-compensated op-
tical pulses. Pulse width could be
narrower at the same time as under-
stood from Fig. 2.

1) Y. Luo et al., Appl. Phys. Lett. 59, 37

(1991).

2) Y. K. Chen et al., CLEO 92, CTuF4.
3) C. E. Zah et al.,, OFC / 100C ’93,

TuM4.

4) T. K. Sudoh et al.,, CLEO '94, CWJ5.
5) Y. Nakano et al,, Jpn. J. Appl. Phys.
32, 825 (1993).
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Tallored DFB laser properties by individually chirped gratings using bent waveguides

H. Hillmer, H.-L. Zhu, S. Hansmann, A. Grabmaier, K. Magari'. H. Burkhard
Deutsche TELEKOM, Forschungszentrum, P.O.Box 100003, 64276 Darmstadt, Germany
* NTT Integrated Opto-electronics Laboratories, Atsugi, Kanagawa Pref. , 243-01 Japan

Abstract: DFB lasers with quasi-continuously and arbirtrarily chirped gratings of ultra-
high spatial precision were realized by an economically interesting method using bent

waveguides. Several application possibilities are discussed.

Chirped DFB gratings (CDGs) are very attractive to fit individual laser properties
with respect to the requirements of advanced lightwave communication systems. In
recent years CDGs were studied and applied rarely, since a realization method providing
arbitrary chirping functions [pitch length variation A(z)] was not available [1-4]. We use
a method based on bent waveguides superimposed on homogeneous grating fields ( Fig. 1)
capable to generate arbitrary and quasi continuous chirping functions with ulirahigh
spatial precision [S]. The local A is defined by the local tilt angle of the waveguide with
respect to the grating. Choosing individually tailored bending functions y(x), individual
A(z) are generated, providing the following attractive laser applications: realization of
axially arbitrarily distributed phase-shifts, reduction of axial spatial hole-burning to
stabilize Bragg~mode, optical output power increase, linewidth reduction, yield increase,

improved high-frequency properties and enhanced wavelength tuning range.

Now experimental and theoretical application examples are shown: InGaAs/InAlGaAs QW
DFB lasers were realized with bent waveguides to provide the chirping functions shown
in Fig. 2. Fig. 2a corresponds to a bending function similar to that shown in Fig. 1.
Transfer matrix model calculations show a considerably reduced photon pile-up in Fig. 3
for a distributed A /4 distributed phase-shifted laser (Fig. 2b) compared to an abrupt \/4
phase-shifted laser. This results in higher output power, reduced spatial hole-burning
and Bragg-mode stabilization. Fig. 4 depicts lower linewidth at the highest output power
before the device turns out to become multimode for the same CDG laser compared
to the abrupt phase-shifted laser. The A(z) function shown in Fig. 2c was optimized
for wavelength tunability: A(z) is optimized to provide several neighbouring modes of
nearly identical threshold gain. A single mode is selected by multi-sectioning. Fig. 5
shows the wavelength variation covering 5.5nm, maintaining a constant output power
and a side mode suppression larger than 30dB over the total unbroken wavelength range.

References : 1. A. Katzir, A. C. Livanos and A. Yariv, Appl. Phys. Lett. 30, 225 (1977).
2. A. Suzuki and K. Tada, Thin Solid Films 72, 419 (1980).

3. P. Zhou, and G. S. Lee, Appl. Phys. Lett. §8, 331 (1991).

4. G. Morthier, K. David, P. Vankwikelberge, R. Baets, IEEE Phot. Tech. Lett. 2, 388 (1990).

5. H. Hillmer, K. Magari, and Y. Suzuki, IEEE Photonic Technol. Lett., §, 10 (1993).
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Fig. 1: Bent waveguide DFB laser
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The S-bent waveguide distributed feedback laser

J. Salzman?, H. Olesen, A. Mgller-Larsen, O. Albrektsen,
J. Hanberg, J. Ngrregaard and B. Tromborg
Tele Danmark Research, Lyngsg Allé 2, DK-2970 Hprsholm, Denmark

Abstract: We analyzed the above threshold behaviour of pitch-modulated DFB
cavities seeking optimum design for high power dynamic single-mode operation. Im-
plementation of such lasers by S-bent waveguides is reported.

A DFB laser with a discrete A\/4 phase shift is the optimum cavity for achieving oscillation
at the Bragg frequency with a large side-mode suppression ratio (SMSR) [1]. Above threshold,
however, these lasers exhibit longitudinal spatial holeburning with the subsequent degradation
in SMSR. In order to achieve dynamic single-mode operation up to high output powers different
grating designs have been proposed, including multiple phase shifts [2], chirp (3], and corrugation-
pitch-modulation (CPM) [4]. High output powers in a single mode with record values of narrow
linewidth were reported from CPM lasers [5].

Recently, we have shown that discrete phase-shifted and pitch-modulated DFB lasers are not
equivalent, and that threshold considerations are not sufficient to realize a good cavity design for
high power operation [6]. In addition to that, variations of the grating period with the required
resolution may impose stringent technological limitations in the fabrication procedure.

Here, we propose a novel and simple fabrication method to implement chirped or pitch-
modulated DFB lasers, and optimize the design for high power single-mode operation. The
method consists of bending the laser waveguide, so that the Bragg wavenumber is varied con-
trollably along the laser cavity. The feasibility of the proposed method is demonstrated by the
fabrication of a sinusoidally bent waveguide DFB laser (S-DFB) with a high coupling coefficient,
K, operating in a single mode up to a very high current above threshold.

In Fig. 1(a) the effect of tilting the laser waveguide with respect to a background grating
field is shown [7]-[8]. Figs. 1(b)-(d) show how this effect can be used in order to implement
chirped and pitch-modulated DFB cavities. For exa.uple, the previously reported CPM-DFB
design [4] could be fabricated as in Fig. 1(b), with a tilt of © = 1.48° in the central section.

Variations in the waveguide parameters due to fabrication tolerances may introduce devia-
tions in the local Bragg wavelength and thus affect the filter properties of the modulated grating.
In order to optimize and to check the robustness of the proposed design, we used our simula-
tion program [9] to study the above threshold behaviour of various DFB cavities (with constant
electrode potential). As an example, Fig. 2 shows the power limit, where the roundtrip gain for
the side mode exceeds 0.8 [9], versus (8. — 3,)/« for different relative center section lengths. G
and 3, are the Bragg wavenumbers of the center and outer sections. The input parameters in
the simulation leading to Fig. 2(a) are those of a CPM cavity (as in Fig. 1(b)), while S-DFB
lasers (as in Figs. 1(c)-(d)) were considered in Fig. 2(b). From these calculations we may con-
clude, that: (i) Optimal design for high power single-mode operation requires I/l ~ 0.5 and
K~ B:. — Bo < 1.5x. This cavity design does not, in general, correspond to a distributed A/4-
shift. (ii) The cavity with a constantly detuned center section and that with a sinusoidally bent
waveguide exhibit qualitatively similar behaviour, with highest power for single-mode operation
in the same region in spite of the different input parameters. Note, that although Refs. {4]-[5]
included a larger grating pitch in the center section, our calculations show that a positive cen-
ter section detuning (shorter grating pitch) leads to the highest power single-mode operation.

10n leave from TECHNION, the Israel Institute of Technology, Haifa 32000, Israel.
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Similar results were obtained for other chirped-grating cavities, showing that the design rules
derived from Fig. 2 are robust against microfabrication related uncertainties. We have also cal-
culated the linewidth versus output power of various cavities and concluded, that the narrowest
linewidth for a particular (attainable) operating power requires a different design than that for

high power single-mode operation.

In order to demonstrate the feasibility of the proposed method we have fabricated S-DFB
ridge waveguide SCH-MQW lasers with sl ~ 6.5, I = 800 pym, [/l = 0.5, and 8, — B, ~ &«.
The lasers were processed on a conventional holographic grating and AR-coated on both facets.
In Fig. 3 we show, as a preliminary result, the spectra from I;; = 20 mA up to I = 5],
maintaining a side-mode suppression of more than 40 dB in the whole range tested. Further
characterization of these lasers is being performed.

References

1. H. A. Haus and C. V. Shank, IEEFE J. Quantum
Electron., QE-12, 532, 1976. A

2. S. Nilsson et al., J. Lightwave Technol., (in press).

3. X. Pan et al., Digest of CLEO’91, CWF15 (1991).

4. M. Okai et al., IEEE Photon. Technol. Lett., 2,

519 (1990).

. M. Okai et al., Electron. Lett., 29, 1696 (1993).

6. H. Olesen et al., submitted to CLEO/Europe ’94,
(1994).

7. H. Hillmer et al., IEEE Photon. Technol. Lett., 5,
10 (1993).

8. W. T. Tsang et al., IEEE Photon. Technol. Lett.,
5, 978 (1993).

9. H. Olesen et al., IEEE J. Quantum Electron., 29,
2282, (1993).

(3

100 g Unastadls §; ] _
— DFB laser| : ! N P
= t=1200 ym | * S 'ioso " Teent
g 80 £l = 40 i !
g (2)
3 Fig. 1 Schematic illustration of tilted or bent waveguides
- on a uniform grating. Left column: Different waveguide lay-
] outs, right column: the corresponding variation of the grat-
& ing pitch along the cavity. b) corresponds to a CPM DFB
a laser, whereas c) and d) are referred to as S-DFB lasers.

Output power [mW)

-3 -2 -1 0
(Bo - ﬂ-) / K

Fig. 2 Calculated power limits of single-mode operation
for (a) CPM DFB lasers and (b) S-DFB lasers with sinu-
soidal bends. The curve labels indicate the relative length .
of the center section . /l. The horizontal axis shows the nor- 1527 1.53 1.54 [um)

malized Bragg deviation between the center and outer sec-

tions (for S-DFB lasers the RMS-deviation is used). Nearly Fig. 3 Example of spectral behaviour for a fabricated S-
uniform lasers show poor side-mode suppression close to DFB laser. More than 40 dB side-mode suppression is main-

threshold (shaded area). ‘5 8tained up to 5 times threshold.




10:30am - 10:45am

T2.1

Unambiguous Determination of Quantum Capture, Carrier Diffusion and
Intrinsic Effects in Quantum Well Laser Dynamics Using Wavelength -
Selective Optical Modulation

Dan Vassilovski, Ta-Chung Wu, Sidney Kan!, and Kam Y. Laun

Abstract

A novel wavelength -dependent optical modulation technique is described which is capable of delineating
quantum capture, carrier diffusion and other intrinsic effects in quantum well laser dynamics. Dependence of these
mechanisms on device structure will be discussed.

Limitations in the modulation bandwidth of quantum well lasers imposed by damping is generally repre-
sented by a K-parameter. The physical mechanisms responsible for the damping currently consist of the following
candidates: intrinsic quantum capture, carrier diffusion and intrinsic effects including carrier heating and spectral hole
burning. Except in certain devices of atypical structures specially fabricated to highlight some of these mechanisms
individually, in most typical QW laser structures it is most likely that all three mechanisms are at play. For these
devices, the conventional method of extracting the damping parameter through electrical modulation response mea-
surements generally sheds little light on the relative role of each of these mechanisms, since they all give quantita-
tively (and sometimes qualitatively) similar consequences. We report here a novel modulation measurement
technique that can unambiguously delineate the intrinsic quantum capture effect and the carrier diffusion effect from
the rest of the intrinsic mechanisms. These results are very useful in the design of a real-life high speed laser.

The experimental approach is shown in Fig. 1. The test laser is electrically DC biased and optically modu-
lated using a separate lascr which is directly modulated by the RF output of a network analyzer [1). By varying the
wavelength of the modulating laser, one can modulate directly carriers either in the quantum well (in-well), or in the
separate-confinement heterostructure region (out-of-well). By comparing the in-well modulation response to the out-
of-well response, the intrinsic quantum capture effects can be isolated, while comparison of the out-of-well response
to the direct current modulation response yields the effects of diffusion. Results of a detailed analysis (shown below)
will confirm these asscitions.

Quantitative analysis of the three modulation schemes described above is based on the semiclassical capture
model (SCC) which is a space-time model incorporating boti: spatial diffusion in the SCH region and quantumn cap-
ture at the QWs [2]. In the limit of a short quantum capture time and a long diffusion length relative to the barrier
width (which is almost always the case for typical QW lasers), the SCC model reduces to the following modulation
responses:

modulation method modulation response ‘tfm RE
1
optical, in-well 2
(~a)2 +j(o'y+m2) - o'k [s) Lscu < L
R (1+j E ‘tcap—— cap “SCH
jot,,) Low 2 T
esc Q
optical, out-of-well 1
_ (—m2 +joy+ mi) (1 +jc)rfap) - mZRE
. 2 E
electrical 2 Lsen  Lscn T cap
cap
LQW 8D TQ::

1. Present address: Hong Kong University of Science and Technology
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These three different responses are shown schematically in Fig. 2. Thus, by comparing and observing the
corner frequencies of the poles of the response functions, each of the three contributing mechanisms can be delin-
cated. Figure 3 shows a typical optical modulation measurement result for a single quantum well 1.55 pm laser. The
measured effective quantum capture time is shown in Fig. 3+ as a function of optical power.

To delineate the contribution of intrinsic damping effects such as carrier heating and spectral hole burning,
one needs to independently measure the ratio RE. This can be done in a straight-forward manner by spontancous
emission measurements as in Ref. [3]. With this information, we can obtain the damping rate due to quantum capture
alone. By comparing this damping rate to the total measured damping rate, the contribution of intrinsic effects can
thus be obtained.

This talk will describe the details of these measurement techniques as well as comparison of experimental
results of different quantum well structures. Physical significance of various amount of contribution to damping in
different laser structures will be discussed.

References:
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Anomalously slow carrier-phonon interaction in InGaAs/InGaAsP multi-
quantum-well investigated by time-development of carrier temperature

Masaaki Nido and Akira Suzuki
Opto-Electronics Research Laboratories, NEC Corporation
34 Miyukigaoka, Tsukuba, Ibaragi 305, Japan

Extremely large electron-LO phonon intrasubband scattering time (8ps) was obtained, by the
rate-equation analysis for the experimental time-development of the carrier temperature in a
1.5um-band multi-quantum-well (MQW) laser amplifier. Consequently, pronounced optical
output power saturation was predicted in the MQW laser.

Carrier-LO phonon interaction plays an essential role in the MQW carrier dynamics, and
its influence on MQW laser (LD) characteristics has been discussed [1], [2]. However, the
interaction time constant is still unclear. In this paper, the time-development of the carrier
temperature in an InGaAs/InGaAsP MQW was investigated, by time-resolved spectroscopy
[3], together with a calculation in an extended rate-equation model. The interaction time
constant was found to be one order of magnitude larger than the predicted theoretically.
Consequently, pronounced optical output power saturation was predicted in the MQW-LD.

The investigated MQW was composed of four Ino.53Gao.47As QWs (7nm thick) and
1.15um composition InGaAsP barriers (10nm thick), sandwiched by 1.15um composition
InGaAsP optical confinement layers (200nm thick). The experimental method for the time-
development of the carrier temperature is schematically drawn in Fig. 1. The TE polarized
optical pulse (1542nm wavelength, 2ps width, and 80mW peak power) was introduced to the
biased MQW-LD amplifier. The carrier temperature at a fixed time (with the time-resolution
of 2ps) was estimated from the high-energy tail of the TM polarized amplified spontaneous
emission (ASE) [3]. The experimental time-development of the carrier temperature for the
bias current IB of 150mA is shown in Fig. 2 as full squares. The time origin was the optical
pulse peak time. The time-development was calculated using rate equations, which took into
account almost all possible carrier flow processes (radiative and Auger recombination, carrier
capture/escape between the QW and the barrier). The capture/escape and the QW carrier
energy emission/absorption processes were expressed as LO phonon emission/ absorption,
whose rates were determined by the intrasubband electron-LO phonon scattering time tph.
The hot-phonon effect was also considered using the LO phonon lifetime tLo, which
corresponds to the LO phonon-acoustic phonon scattering time.

The calculated time-development of the carrier temperature, using Tph of 1 and 8ps with
fixed tLO (20ps), are shown in Fig. 2 as thin and thick solid lines. The experimental time-

development was close to the calculated one with 1ph of 8ps, which was one order of
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magnitude larger than the theoretically predicted tph of 0.8ps after the consideration of the
Coulomb screening effect. The calculated time-development was found to be weakly
dependent on tL0, showing the minor role of the hot-phonon effect. The experimental time-
development for Is of 50 and 100mA was also close to the calculated one with tph of 8ps,
showing the weak dependence of tph on IB. Figure 3 shows the current-light output (I-L)
characteristics for the MQW-LD with the same MQW structure investigated, calculated using
the rate equations with tph of 1 and 8ps. By taking the obtained value of tph (8ps),
pronounced I-L saturation, due to the carrier temperature increase, was predicted.

[1] S. C. Can et al., IEEE Photon. Technol. Lett. 4, 428 (1992).

[2] C. Y. Tsai et al., Appl. Phys. Lett. 63, 3408 (1993).

[3] M. Nido and A. Suzuki, Appl. Phys. Lett. 64, 681 (1994).
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T2.3 Ultrafast gain and refractive index dynamics of semiconductor amplifiers measured by
four-wave mixing

A. D’Ottavi, E. Iannone, A. Mecozzi, S. Scotti, P. Spano
Fondazione Ugo Bordoni - Via B. Castiglione 59 - 00142 Rome - ITALY

R. Dall’Ara, G. Guekos, J. Eckner
Institute of Quantum Electronics - Swiss Federal Institute of Technology
8093 Zurich - Switzerland

Abstract - Measurements of four-wave mixing in traveling wave semiconductor optical amplifiers are
extended up to frequency detunings between pump and probe as high as 4.3 THz. The 35 fs
equivalent time resolution is, to our knowledge, the highest achieved to date. Experimental evidence
of nonlinear processes faster than spectral hole burning is obtained for the first time by using a
frequency domain technique.

Nonlinear optical effects in semiconductor active devices have been studied as a tool for
investigating the mechanisms behind the modulation limitations of laser diodes and for their potential
use in photonic devices for advanced optical communication networks. Optical nonlinearities have
been investigated both in time [1, 2] and in frequency domain {3, 4]. These techniques underline the
presence of different nonlinear processes behind the interaction of the electric field with the
population of the electronic bands. Time domain experiments have shown that carrier depletion (CD),
carrier heating (CH), spectral hole buming (SHB), and a quasi instantaneous effect ascribed to two
photon absorption (TPA) are responsible for the nonlinear gain dynamics. CD, CH and a quasi-
instantaneous process ascribed to Kerr effect (KE) are instead responsible for the nonlinear index
dynamics. These processes are characterized by different time constants Tcp~200 ps, Tcy~700 fs,
Tsup~100 fs. CH is also characterized by a delay time equal to Tsyp. Frequency domain experiments
based upon four-wave mixing (FWM) confirmed the presence of CD, CH and SHB, but the quasi
instantaneous processes were never observed.

In this paper, we report a FWM experiment extended up to 4.3 THz. The 35 fs equivalent
temporal resolution permits to detect the fastest processes for the first time.

Two optical fields, the pump at the fixed wavelength of 1.5469 um and the probe, are mixed and
injected into the semiconductor traveling wave amplifier. The pump power coupled to the waveguide
is 120 uW, the probe power is <10 uW. The amplifier has a bulk structure with a ridge geometry. Its
maximum gain is 25 dB at a bias current of 250 mA. The conjugate field, generated by the
modulation of the optical gain and index induced by the pump-probe beating, is detected by a double-
grating spectrometer. In fig. 1 the experimental values of the ratio between conjugate and probe
output powers are reported vs. the pump-probe frequency detuning. Close and open circles refer to
positive and negative pump-probe detunings. Solid lines are obtained by the theory of [5] by best fit of
the experimental data. The contribution of the instantaneous effects is considered in analogy with what
done in [5] for CH. The asymmetry between positive and negative detunings is due to the
superposition of the processes producing the FWM response that combine with a different phase in the
two branches. Each mechanism is characterized by a gain saturation coefficient P!, €cy, €syp and
€mnst and index coefficient P!, fecy.and B’ensr. To first order, SHB affects only the gain [6]. ~he
FWM efficiency of each nonlinear process decreases 20 dB per decade at frequency detunings Af
>>(2rt)-1, where 1Tis its characteristic time constant. At frequency detuning larger than few THz, CH
is no more effective, and the two curves of fig. 1 should approach to each other if SHB is the only
process responsible for FWM. Consequertly, the asymmetry between positive and negative detunings
is the signature of the presence of the instantaneous process that interferes with SHB. The parameters
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obtained by best fit are reported in Table 1. It is worth noting that the value and sign of f* and the
value of gnsy are in agreement with the values obtained by time domain measurements [2,6). To
clarify the role of the different nonlinear processes to the FWM efficiency, the ratio between the
conjugate output power and probe input power is shown in fig. 2 as it is if only one process would
have been present.
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Italian PT Administration, partial support has been given by the Italian National Research Council
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T24 pour-Wave Mixing in Semiconductor Optical Amplifiers at THz
Detuning Frequencies: Experiment and Theory
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Abstract: Highly non-degenerate four-wave mixing processes in semiconductor optical amplifiers
are analyzed by comparing experimental data at detuning frequencies up to 3 THz with numerical
calculations based on microscopic density matrix equations.

The study of four-wave mixing (FWM) processes in active semiconductor waveguides is important
for basic spectroscopy [1,2], as well as for applications in wavelength conversion (3], dispersion com-
pensation based on phase conjugation (4], and self-frequency locking in lasers. Recent experimental
studies achieved detuning frequencies up to 2 THz and were analyzed by comparison with simple
semi-phenomenological models [1,2]. We here extend the experimental detuning frequency to about
3 THz and by comparison with numerical calculations based on density matrix equations (DME)
we conclude on the physical nature of the FWM processes. These same DME have been succesfull
in explaining sub-picosecond pump-probe dynamics in laser amplifiers [5].

In the experiments, light from two tunable, narrow linewidth, semiconductor lasers, with frequencies
fo and fi, is coupled into a buried heterostructure InGaAsP traveling wave amplifier with bulk
active region. These pump and probe beams, having comparable power P; = 0.10 mW and Py =
0.25 mW, are amplified as they co-propagate along the amplifier and generate conjugate signals at
the low frequency side, f» = 2fy — fi1, and high frequency side, f3 = 2f; — fo. The FWM efficiency,
measured as a function of the pump-probe detuning, f; — fo > 0, with f; maintained close to the
gain peak of the amplifier, is shown in Fig. 1(a).

In the modelling, propagation of the four waves is described by Maxwell’s equations with induced
polarization components calculated from DME. The DME include, in a unified manner, the effects
of carrier density pulsations (CDP), carrier heating (CH) due to stimulated emission as well as
free carrier absorption, and spectral holeburning (SHB) [5]. The main approximation, and the one
which avoids the solution of a complicated many-body problem, is the use of phenomenological
relaxation time constants; this approach has already been shown to work very well for describing
ultrafast temporal dynamics under similar conditions [5).

The numerical results, also shown in Fig. 1(a), provide a good, quantitative, explanation of the
experimental observations. Main parameter values are (c: conduction band, v: heavy-hole valence
band): Intraband carrier-carrier scattering times 7;. = 71, = 30 fs; temperature relaxation times
due to carrier-LO phonon scattering 7a, = 650 fs [5], 7h, = 200 fs [5]; ratio of real and imaginary
parts of third-order susceptibilities due to changes in carrier density ay = 7 and carrier temper-
atures ar. = ary = 5. The small 7y values are attributed to the high injection conditions in the
present experiment, i.e., a bias current of 115 mA corresponding to an estimated carrier density
of 3.4 -10%* m~3. The ar values are subject to some uncertainty, but generally ar ~ ay, due
to the similar energy dependencies of perturturbations of the carrier distributions due to changes
of the Fermi level and the carrier temperature. The corresponding a-parameter value for spectral
holeburning extracted from DME is less than 0.1 and not significant.

In Figs. 1(b) and 1(c) we investigate the contributions to FWM from the different physical pro-




cesses. Fig. 1(b), artificially neglecting SHB, already shows qualitative agreement with experiment,
but the asymmetry between the high and low-frequency signals is too small in the calculated
curves; this is an effect of the relation ar ~ ay, which minimizes interference effects between
the CDP and CH contributions. In contrast, the combination SHB and CDP, Fig. 1(c), shows
strong interference effects due to the large difference in a-parameters, that are not experimentally
observed. In the combination of all processes, Fig. 1(a), it is mainly the interference effects that
introduce an asymmetry between the high and low frequency signals. The bending of the dotted
curves for CDP at large frequency detunings, Figs. 1(b) and (c), is due to the finite intraband
scattering time, and the asymmetry between the high and low frequency signals is due to the
frequency dependence of the gain.

From the material parameters extracted from the FWM data we calculate nonlinear gain suppres-
sion factors (at the gain peak) ecy = 2.8-1072¢ m3 and sy = 1.4-10724 m3, i.e., the contribution
from CH is twice as large as that from SHB. This is in contrast with the results in [2] where SHB
was found to be approximately ten times more important than CH; one reason for the discrepancy
may be the large detuning from the gain peak (towards the long wavelength side) employed in [2].
More generally, however, we find from the density matrix approach that simple models like those
used in [1,2] only are applicable in the sub-THz regime; for larger detunings it is important to
take into account the interrelated nature of the scattering processes relaxirz the spectral hole, the
carrier temperature and the interband polarization.
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A. G. Dentai, C. H. Joyner, S. Chandrasekhar
AT&T Bell Laboratories Crawford Hill Lab, Holmdel New Jersey 07733
Tel. 4972 4 294 694 FAX +972 4 323 041

ABSTRACT

We demonstrate temperature and oetput power dependence of internal loss in multiple
quantum well lasers resulting from carrier overflow effects.

SUMMARY

The implication of carrier occupation in waveguide states of quantum well (QW) lasers

(carrier overtlow) to differential gain, internal efficiency, modulation bandwidth and the
structure dependent gain nonlinearity coefficient has recei -ed significant attention in the past
few years [1]). A related topic, the carrier overtlow dependent internal loss, has received
surprisingly little attention [2]. This paper demonstrates that this loss mechanism is both
temperature and output power dependent so that in addition to reducing the differential gain, it
enhances the gain nonlinearity, increases the temperature dependence of laser parameters and
imposes a limit on output power.

The effects we consider are modeled by means of a three level model [3]Jwhose parameters are
corrected using a more detailed model [4]. We calculate the population of both confined (2D)
and unconfined (3D) carriers as a function of temperature and output power. The .nain
contribution to internal loss is associated with inter-valance-band absorption [5] by both
confined and unconfined holes. The energy band diagram of the laser structure we tested is
shown in the insert of Fig. 1a. The calculated dependencies of the internal loss on temperature
and on output power are shown in Fig. 1a and Fig. 1b, respectively. Figure 1a, which is
calculated at threshold, shows that the loss due to 3D carriers increases rapidly as the
temperature rises and occupation of 3D states becomes larger. The loss increase due to 2D
carriers is more moderate. Figure 1b shows the calculated loss dependence of 2D and 3D
carriers on photon density for two temperatures, 20 °C and 50 °C. Again, we see the larger
effect due to 3D carriers, particularly at the higher temperature. From the slope of the power
dependence of the 3D holes mediated internal loss we deduce the structure dependent

enhancement of the nonlinear gain as : € = (d0l3p / 8S)gyy~! which takes the values of
12X 10-18 ¢m -3 and 2.8 X 10-18 cm -3, for 20 °C and 50 °C, respectively, a non
negligible fraction of documented values for the nonlinear gain coefficient (~10-17 cm-3 ).

Experimental verification of the model predictions were obtained by a systematic study of

the temperature dependen: internal loss. All tested lasers were cleaved from the same bar into

different lengths and mounted on copper studs. The stud temperature was controlled to within

0.1°C and the lasers were biased by (.Susec long pulses at a (.5% duty cycle so as to ensure

that the junction temperature equals the heat sink temperature. Measurcments of the inverse of
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the differential efficiency versus the cavity length are shown for several iemperatures in Fig. 2.
The straight lines are the best linear fits for each temperature.

Using Nexi” 1= Mim~!{ 1- &L / InR}, the intercept with the y axis yields the inverse of the
internal efficiency while the slope is a measure of the internal loss. Figure 3 shows the
temperature dependent internal loss, as deduced from s7ig. 2, along with the prediction of the
model for the 3D carriers (see Fig. 1a). Note the good agreement between the experiment and
the calculation. The 2D carriers contribute litde if any loss due to strain in the quantum wells.
Further details of the influence on this loss mechanism of the transport time and barrier height

will be given at the presentation.
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The effect of dynamic spatial hole burning on the second and third
order intermodulation distortion in DFB lasers
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Abstract: Analysis of second and third order intermodulation distortion characteristics is, for
the first time, performed including dynamic longitudinal spatial hole burning effect in DFB
lasers.

Introduction: Low distortion DFB lasers are widely used in Sub-Carrier Multiplexed (SCM)
scheme, such as AM-FDM transmission for CATV. We have developed 1.3um strained
MQW-DFB lasers which can transmit 100 channel TV signals in AM-FDM scheme [1]. This
result has been realized due to their low distortion characteristics over wide band frequency
range resulted from their high relaxation oscillation frequency (fr) characteristics [2]. However,
in order to explain various distortion characteristics in actual devices, it is necessary to take
account of the effect of longitudinal spatial hole burning (LSHB). The analysis of
intermodulation (IM) distortion caused by dynamic LSHB has not yet done, though the static
approximation using L-I characteristics has been reported [3]. In this paper, we propose a new
theory of dynamic LSHB and discuss experimental results of IM distortion.

Theory: An investigated DFB laser model is shown in Fig.1. We assume that optical fields
instantaneously follow the carrier distribution and, therefore, the field distributions are derived
from the static coupled-mode equations. The carrier distribution obeys the local rate equation,
while the field intensity is determined from the rate equations for average photon density. From
this assumption, the power, P(L,t), from the output facet (z=L) is represented by the product of
the average photon density, S(t), and the optical field at z=L as follows:

-1
P(L.0) = v, (I-R )1 +R. ) 'SO¥(, t)(L" J’OL\P(z, t)dz)
=PyL)+P(L.t)+ P, (L) + P3(L,1)
¥(z9 =[[Ea@of +[Ep@of [Es 00, of "

where, vg is the group velocity, Ea(z,t) and EB(z,t) are the amplitudes of forward and
backward propagation waves, respectively, RL is the reflectivity at the output facet and P;
represents I -order value of the output power. Second IM distortion (IM2) and third IM
distortion (IM3) are given by 20log/P2(L,t)/P1(L,t)l and 20logIP3(L,t)/P1(L,t)l, respectively.

Theoretical and experimental results: Figure 2 and 3 show calculated curves of IM2 and
IM3 as a function of distortion frequency (f1+f2 and 2f)-2), respectively under the modulation
depth of 20% and the injection current of 30mA. In the calculation the following material and
structure parameters are assumed: differential gain; 6.0x10-12m3/s, coefficient for refractive
index change; -2.0x10-26m3, confinement factor; 0.07, total well thickness; 60nm, gain-
suppression coefficient; 3.0x1023m-3, internal loss; 20cm-!, cavity length (L); 200um,
normalized coupling coefficient (xL) ; 0.6,1.2, phase of facets (Qo and QL); n/2 and =/2. In
Fig.2 and Fig.3, IM2 and IM3 values in relatively low frequency range are steeply degraded
with increase in xL as compared with the calculated curve without LSHB, and in high
frequency range near f; (~10GHz) are limited by relaxation oscillation independently of xL.
One of the notable points of this analysis is that IM3 takes on smaller values at certain frequency
ranges than those calculated without LSHB. 60




Figure 4 shows calculated curves and experimental data (plots) of IM3 as a function of
relaxation oscillation frequency with the distortion frequency (f4=2f1-f2) as a parameter. The fr
values were varied by the injection current. In the experiment, a 1.3um MQW-DFB laser (10
wells, L=200um ) was used. The distortion frequencies were 0.95GHz, 1.5GHz and 1.9GHz,
which are used in the SCM transmission system for mobile communication. In the calculation,
xL value was 0.6 and other parameters were the same as used in Fig.2 and Fig.3. The
experimental data decrease with f; and become smaller than those of the calculated curves
without LSHB. The calculated curves with LSHB well explain the experimental results. It
indicates that very low distortion can be realized even in frequency range of several GHz.

Conclusions: We have clarified, for the first time, that the effect of dynamic spatial hole
burning on the second and third order intermodulation distortion. We have theoretically shown
that the IM3 values can be smaller than the calculated curve without LSHB, which is confirmed
with the experiments.
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Quantum Cascade Laser: A Unipolar
Intersubband Semiconductor Laser
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ABSTRACT

A new semiconductor injection laser (Quantum Cascade Laser) which differs in a
fundamental way from diode lasers has been demonstrated. It relies on only one type of
carrier (it is a unipolar semiconductor laser), and on electronic transitions between
conduction band energy levels of quantum wells.

Intersubband lasers were originally proposed 25 years ago,! but despite considerable
effort this is the first structure to achieve laser action. The present device operates at a
wavelength of 4.26 microns, but since the wavelength is entirely determined by quantum
confinement, it can be tailored from the mid-infrared to the submillimeter region using
the same heterostructure material. Electrons streaming down a potential staircase
sequentially emit photons at the steps. The latter consist of coupled quantum wells in
which population inversion between discrete conduction band excited states is achieved
in a 4-level atomic like laser scheme using tunneling injection (Fig.1). The
AllnAs/GalnAs structure grown by MBE comprises 25 stages, each consisting of a
graded gap n-type injection layer and a three coupled-well active region, cladded by
waveguiding layers. The undoped active region includes 0.8 nm and 3.5 nm thick
GalnAs wells separated by 3.5 nm AllnAs barriers. The reduced spatial overlap between
the states of the laser transition and the strong tunnel-coupling to a nearby 2.8 nm
GalnAs well ensure population inversion. The samples were processed into mesa etched
ridge waveguides and the laser facets were obtained by cleaving. Powers = 20 mW in
pulsed operation (20 ns pulses with a 10~3 duty cycle) have been obtained at 80 K.
Operating temperatures up to 125 K have been achieved with 5 mW of power (Fig. 2). A
dramatic narrowing of the emission spectrum provides direct evidence of laser action
(Fig. 3). An outstanding feature of this laser is that the gain is much less sensitive to
temperature than conventional semiconductor lasers. A preliminary study of the
temperature dependence of the threshold indicates a Tp = 110 K. In addition, the
intrinsic linewidth of these lasers in cw single mode operation is expected to be
Schawlow-Townes limited, similar to atomic lasers, without the linewidth enhancement
factor typical of diode lasers. Fig. 4 shows the high resolution spectrum at two different
currents. Well defined longitudinal modes are observed. The mode spacing 2.175 cm™!

is in good agreement with the calculated one (-i—lnf = 2.13 cm~! withn = 3.26). The
linewidth of the dominant mode is presently limited by heating effects and mode hopping
during the pulse. At higher currsnts additional transverse mode emerge.
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For a preliminary account of the operation of this laser at 10 K see Ref. 2.
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Abstract: The first successful room temperature (r.t. ) cw operation of GalnP/AlGalnP
multiple quantum wire visible lasers was obtained, with the maximum cw temperature of
70 °C. For uncoated facet condition at 20 °C, the threshold current density (Jth) was
294A/cm2, the output power 50 mW/facet, and the differential quantum efficiency
37%. The low pulse Jth value of 277A/cm? was obtained.

Summary:

Strained quantum wire lasers (SQWR-LD) are theoretically superior to strained
quantum film lasers (SQWF-LD) in terms of very low threshold current density {1], high
device efficiency, and high To values [2). We have already reported getting a low
threshold pulsed operation of GaInP/AIGaInP SQWR-LDs with 345A/cm 2 (3] .

In this talk, the first room temperature cw operation and lowering pulse Jth values
of the SQWR-LDs are described. The investigated lasers are schematically shown in
Fig.1, in which quantum wire structures were fabricated during crystal growth through
in-situ process, here using the strain induced lateral-layer ordering scheme [4]. In the
lasers, quantum wire behaviors, such as the strong Jth value anisotropy as a factor of 7
and the lasing mode difference in TE and TM between [011] and [011 ] crystal direction
were observed .

Figure 2 shows the inverse cavity length dependencies of pulse threshold current
density given in square root, in which circle points indicate data for GalnP/AlGalnP
MQWR-LDs (Q-Wire), while the dashed line that for GalnP/AlGaInP compressively
strained quantum film (CS-Q-Film) lasers. As easily noted here, a slope of Q-Wire was
smaller than that of CS-Q-Film, probably reflecting higher differential gain of Q-Wire
compared with that of CS-Q-Film. The lowest Jth value of MQWR-LDs was 277A/cm?
at cavity length of 794um .

The r.t. cw operation of GalnP/AlGalnP MQWR-LDs was achieved. Figure 3
shows the cw light output versus current characteristics and the lasing spectrum
observed at 20 °C for the 50um striped laser with the cavity length of 569um. The Jth
value was 294A/cm2 and the lasing wavelength was 747nm. Under uncoated facet
condition, the light output of 50mW/facet was obtained with the differential quantum
efficiency of 37% . The temperature dependency of cw light output versus current
characteristics is shown in Fig. 4 . The maximum cw temperature was 70 °C .
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T3.3 girst Demonstration of Extremely Low-Threshold AlGaAs/GaAs Quantum Wire-Like
Lasers Grown on V-Grooved GaAs/Si Substrates

Y. Hasegawa ), T. Egawa b, T. Jimbo ®) and M. Umeno 3 ®)
a) Department of Electrical and Computer Engineering,
b) Research Center for Micro-Structure Devices,
Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466, Japan
Fax: +81-52-732-2761

Abstract: We report first demonstration of extremely low-threshold AlGaAs/GaAs quantum
wire-like lasers grown on V-grooved GaAs/Si substrates. Threshold current as low as 9.8
mA and 16 mA were realized under room-temperature pulsed and continuous-wave
conditions, respectively. _

Low-threshold and reliable GaAs-based lasers grown on Si substrates are key
devices in high density applications such as optical interconnects in future optoeicatronic
integrated circuits (OEIC's). However, a high dislocation density (>10% cm2) and a large
residual thermal stress (~10% dyn/cm2), which are introduced by the ~4 % lattice mismatch
and the ~250 % difference in the thermal expansion coefficients between GaAs and Si,
cause the rapid degradation of GaAs-based lasers on Si [1]. On the other hand, very low-
threshold AlGaAs/GaAs lasers with quantum wire active regions have been recently
demonstrated using the growth technique on nonplanar GaAs substrates by metalorganic
chemical vapor deposition (MOCVD) {2, 3].

In this study, using this method, we demonstrate an extremely low-threshold
AlGaAs/GaAs quantum wire-like laser grown on a V-grooved GaAs/Si substrate by
MOCVD for the first time. This quantum wire-like laser is a completely different approach
for the realization of reliable GaAs-based lasers on Si. Because this laser has much
attractive advantages such as low-threshold operation and low-dislocation number which are
caused by the reduction of the active regions. In our another experiment, we found that the
growth velocity of <100> dark-line defects (DLD's) increases drastically with increasing the
injected current (the growth velocity was estimated to be ~50 um/h at 50 mA). This
indicates that low-threshold operation contributes to the improvement in the reliability of
GaAs-based lasers on Si.

Figure 1 shows the scanning electron microscope (SEM) micrograph of the overall
AlGaAs/GaAs quantum wire-like laser grown on a V-grooved GaAs/Si substrate. The
active layers in this laser consist of three 3-nm-thick GaAs quantum wells separated by 5.5-
nm-thick Aly4Gag;As barrier layers, and 60-nm-thick Al ;Gag;As lower and upper optical
confining layers. It can be seen that the active layers are sharply formed by defining along
the V-groove with (111)A side-walls. Figure 2 shows the high-resolution SEM micrograph
of the vertically-stacked GaAs quantum wires near the center of the V-groove in Fig. 1. The
crescent-shaped quantum wires are 11-15 nm thick at its center and 83-127 nm wide. This
very narrow width of the quantum wire results in the reduction of the dislocation number in
the active regions. For example, the dislocation number of this quantum wire laser is
approximately 1/100 of that of the conventional quantum well lasers on Si with 10-um-wide
stripe contact windows. The light versus current characteristic and lasing spectrum of this
laser under the room-temperature pulsed condition (0.2 ps pulses at 5 kHz repetition rate)
are shown in Fig. 3. For the 123-um-long laser, the threshold current (I;,) and external
differential quantum efficiency were 9.8 mA and 21 %, respectively. The lasing wavelength
was 859 nm at 2.0 X I;. In addition, the laser beam was mainly polarized parallel to the
(100) substrate plane (TE-like mode). For the room-temperature continuous-wave
operation, the distribution of Iy, of this laser was 16-20 mA for the 150-380 pum cavity
length. These remarkable improvements in I, are due to the reduction of the volume of
GaAs active regions by use of the quantum wire-like structure.

In summary, an extremely low-threshold (9.8 mA) AlGaAs/GaAs quantum wire-like
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laser grown on a V-grooved GaAs/Si substrate was demonstrated for the first time. This
technique is promising for the fabrication of low-threshold and reliable GaAs-based lasers
on Si.
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2:15pm - 2:30PM Threghold Current and Modulation Dynamics
T34 in Quantum Dot Lasers

H. Nakayama and Y. Arakawa

Institute of Industrial Science, University of Tokyo
7-22-1 Roppongi, Minato-ku, Tokyo 106, Japan

Abstract: Threshold current and modulation dynamics are theoretically discussed taking
into account the detailed behavior of carmrier dynamics related to the bottleneck problem.
The results indicate that extremely low threshold current and high modulation frequency
devices can be realized if the quantum dot structure is correctly designed.

It has been predicted that the use of quantum dots leads to substantial improvement of lasing
characteristics in semiconductor lasers{1,2]. Against this optimistic prediction, however, an
important problem was pointed out: the phonon bottdeneck causes degradation of luminescence and
dynamic properties of carriers{3.4]. This bottleneck occurs when the energy difference AE between
the energy level of the quantum dots and that of the barrier region is larger than the energy of LA-

phonon and LO-phonon. Without phonon assisted coupling, carrier injection is inhibited.

In this paper, we theoretically discuss threshold current and dynamic properties of the quantum dot
lasers considering this bottleneck problem. The effect of the quantum dot structure on the carrier
capture time, dephasing time of the dipole moment, gain and differential gain are carefully
examined. The results demonstrate that the bottleneck can be almost eliminated if the laser structure
is appropriately designed. It is shown that quantum dot Jasers can achieve a sub-pA threshold

current and a modulation bandwidth wider than 106GHz.

To eliminate the bottleneck, we propose two structures shown in Fig.1 (a) and (b). In Fig. 1(a),
the quantum dots are coupled 10 each other so that carriers relax from the excited mini-band state to
the ground level of the quantum dots by LO-phonon emission. On the other hand, in the second
structure of Fig. 1(b), the ground energy level of the quantum dots is sufficiently close to potential
barrier in order to realize direct carrier relaxation from the barrier to the ground level of the quantum
dots. Here we focus on the structure of Fig. 1(b). Figure 2 shows a simple illustration for the
quantum dot lasers with these structures. Carrier relaxation from the upper levels to the ground
state of the quantum dots is calculated. Figure 3 shows the capture rate into the quantum dots
plotted as a function of AE. In this calculation, the energy dispersion of the LO-phonon and the

wavefunctions of the initial and final states are considered.

We calculated the threshold current of the quantum dot lasers. In this calculation, we assumed the
carrier escape time from the ground state is determined by absorption of the LO-phonon and is
equal to the dephasing time of the optical dipole moment. We also assumed a Lorentzian-type
lineshape function of the gain and ignored inhomogeneous broadening. The laser structure is a
vertical cavity with mirror reflectivity of 0.99. Rate equations are solved in the system where the
energy level inside the quantum dot and mini-band levels in the barrier region are formed as
indicated in Fig.4. Figure 5 shows the threshold current and the dephasing time as a function of
the size of the quantum dots. The result shows that sub-uA threshold current can be obtained if the
size of the quantum dots are appropriately chosen. The total number of the quantum dots is

optimized so that threshold current is the minimum.

Figure 6 shows the calculated modulation bandwidth of the quantum dot lasers as a function of
photon density for different mirror reflectivity. The results show that modulation band width as
wide as 100GHz can be achieved. The nonlinear gain effect has also been calculated, although this
effect is not included in the figure. Note that the discussion here is to clarify the intrinsic effects of

carrier relaxation, so carrier diffusion is neglected.

In conclusion, we discussed threshold current and modulation bandwidth in quantum dot lasers
clarifying detailed behavior of carrier dynamics and dephasing time. The results indicate that the
carrier relaxation process due to electron-phonon interactions is not a bottleneck if the active region

including quantum dot structures are correctly d%signed.
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135 Limitations to Controlling Spontaneous Emission in Microcavities
with Distributed Mirrors

Rajeev J. Ram, Dubravko [. Babié, Robert A. York and John E. Bowers
Dept. of Electrical & Computer Engineering, University of California, Santa Barbara 93106

Limitations introduced by diffraction penetration depth and mirror pass
band on controlling spontaneous emission in planar and post microcavities
are investigated. Analytic expressions for the emission rate and coupling
factor are presented and verified by exact numerical calculations as well as
millimeter wave experiments.

The primary limitations to controlling spontaneous emission for planar and post semiconductor
microcavities are the broad emission linewidth, the diffraction in the DBR and the finite mirror
band stop. While the effects of broad emission

linewidth have been discussed in the literature Le_ﬂE

[1,2], the influence of diffraction and finite T

band stop have not been treated explicitly. i
Recently, an equivalent hard mirror 4?
construction was used to study modal
reflectivity in surface emitting lasers. The
diffraction equivalent distance (L,)
characterizes the modal diffraction and can be
specified analytically [3,4]). The diffraction 3
penetration depths in the two mirrors add to @ o
the physical cavity length resulting in a larger Fig-! (2) A symmetric DBR resonator with (b)
effective resonator length (Fig. 1. its equivalent hard mirror resonator.
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In small resonators the dipole radiation interferes strongly with the time-retarded reflections. For
this reason, finite-Q microcavity devices typically consis: 6f A or A4/2 cavities. However,
penetration of radiation into the DBRs increases the effective resonator length. Fig. 2 shows the
normalized emission rates for a dipole adjacent to a single DBR where the dipole is oriented

parallel to the plane of the mirror. We see that
as L, increases, the achievable inhibition or
enhancement decrzases significantly. We also
see that different material systems have
significantly different potential for observing
microcavity effects. A physical cavity length
of A gives an effective cavity length of more
than 34 for GaAs/AlAs DBRs and almost 64
for InGaAsP/InP DBRs! Diffraction within
the DBR is an extremely important limit to :
realizing microcavity effects in most practical PR PR £ P S NP R S
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Fig. 2 The near-maximum and near-minimum
emission rates for a dipole adjacent to a DBR.
The dashed lines represent various mirror
systems in use today. A) AlAs/GaAs at 980 nm,
B) Si0,/SiN4 at 1300 nm C) InGaAsP/InP at

In order to test the validity of the penetration
depth concept for treating spontaneous
emission, millimeter wave experiments were
performed. The millimeter wave DBR
consisted of 5.5 periods of air and Rexolite
1422 (a nearly lossless dielectric with an 1550 nm.
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index of refraction of 1.56). The Bragg
wavelength for this DBR was 8.08 cm (3.71
GHz). The peak reflectivity was 0.9848
(assuming no losses) and L, = 2.343cm. The
radiation resistance was compared to the
results of the induced EMF method [STUSing a
two element array (the physical dipole and its
image) modeled using the equivalent hard
mirror. We see that, for a separation greater
than a quarter wavelength, the diffraction

Normalized Radiation Resistance

0.6 A L i L P

penetration depth describes the modified T e 0 T
dipole radiation. So even with an infinitesimal Dipole to DBR Separation tcm)
linewidth the achievable alteration of Fig. 3 The experimental versus theoretical
spontaneous emission in a DBR microcavity is readiation resistance of a dipole antenna in
limited. front of a DBR versus the dipolk-to DBR

distance.

In addition, we observe that since the DBR angular pass band represents a region of lowered
reflectivity, the spontaneous emission is not significantly altered from the free space value. Let
us assume that the DBR has a reflectivity given by the equivalent hard mirror within the band
stop and by zero reflectivity within the pass band. In order to test the applicability of this
approximate boundary, we compare how the DBR and approximate mirror modify the power
carried in various plane wave components as a function of the angle. The results for a symmetric
AlAs resonator embedded in GaAs utilizing two 17-period GaAs/AlAs DBRs and the equivalent
boundary are shown in Fig. 4.

1¢ Ty
10 ——-Exact DBR 1
- — Approximate ] Fig. 4 The approximate and exact spontantaneous

emission intensity for an i.otropic source a in half-
wavelength resonator utilizing two 17-period
GaAs/AlAs DBRs and the hard mirror equivalent.
The intensity is plotted versus the angle in the
7 GaAs in which the resonator is embedded.
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We see that the analytic spontaneous emission intensity approximates the exact intensity for all
angles in a piece wise manner. The agreement between the approximate and exact intensities
suggests that it is only within the band stop of the DBR that the dipole emission properties are
being altered significantly. Also, since the angular extent of the pass band and diffraction
equivalent distance can be specified analytically, the approximate boundary allows us to obtain
analytic expressions for the spontaneous emission rates, spontaneous emission coupling factor
and spontaneous beam divergence in semiconductor microcavities.

Emission Intensity (arb. units)
S

-
e
A
T

The approximate boundary highlights the influence of diffraction penetration depth and pass
band as key limiting factors to controlling spontaneous emission in semiconductors. It also

allows us to obtain simple analytic expression for all of the relevant optical parameters.
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T3.6

Ultralow Threshold Lasers - How low is low enough ?

DM. Cutrer and K.Y. Lau
Dept. of EECS, University of California at Berkeley, Berkeley, CA 94720

Abstract

Ultralow threshold (I,,<100 PA}) lasers can be used in bias-free digital optical modulation. Even though the pulse
drive current may be many times 1, reducing the latter tc 50-100 pA is essential in minimizing the total driver power.

Intense interest in recent years in ultralow threshold lasers, through a combination of quantum-confined and/
or microcavity VSEL structures, was motivated mainly by their potential for oproelectronic integrated circuits
(OEICs) due to their low electrical power requirements. Lasers with a threshold in the 100 p A range aiready exist.
This is aiready small compared to the drive current above threshold needed to generate the typical required optical
power for high data rate communication. It thus gppears that continued research effort to further lower the threshold
will have little impact on the laser driver requirements of the OEICs. We show in this paper that this is NOT TRUE
when one fully considers the switching dynamics of semiconductor lasers in an OEIC environment, particularly at
multi-gigabit Cata rates.

We base our analysis on the presumption that the laser is digitally modulated and zero-bias modulation for-
mat [1,2] is used. This modulation format is a highly favorable one in OEICs since it eliminates the need for optical
monitoring and feedback control of the bias point of each individual laser - a logistic complication, particularly for
VSELs due to their unique geometry, that consumes both power and on-chip real estate. It is well known that zero-
bias on/off swiiching produces data-dependent turn-on delays that result in a degradation of the data. This is illus-
trated in Fig. 1 for the time evolution of the electron density and optical output under a pseudorandom pulse modula-
tion. When the optical data stream is fed into a typical digital receiver, the resulting timing jitter introduces a bit-
error-rate (BER) degradation. This degradation depends on the relative magnitude of the time delay compared to the
bit rate. Considering that the turn-on delay is nominally the time required for the drive current to fill the electron den-
sity up to the threshold level, a laser with lower threshold will require iess drivc current in order to achieve a certain
turn-on delay, and thus reducing the power requirement for the laser driver overall.

Since the turn-on delay is data dependent and is thus r=ndom, we must describe it in terms of a statistical dis-
tribution with the assumption that the modulation current pulses follow a truly random digital pattern. Under this
assumption, the following turn-on delay distribution is obtained:

lﬂl Olllﬁl )
TYy=CB|l—|1-2Z
P (T [’r l: T M

Where B is the bit rate, ¢ is a normalization factor, T is the carrier lifetime, I, is the electrical drive current, and T, is
the turn-on time for the laser. Note that this distribution depends only on the ratio I/Iy,. In order to quantify the
requirements for drive current for satisfactory laser modulation performance, we assume that the optical pulse stream
is fed into a thermal noise dominated simple photodiode receiver (50 €2 1oad) through 6dB of optical loss (a typical
aumber in short-distance optical interconnect). The resulting BER is given by:

1
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Where Q is the standard gaussian Q function, D is the decision level, ¢ is the thermal noise variance, h(t) is the
received photocurrent after equalization, and t, is the turn-on time for the laser with no initial carriers in the active
region. The decision level is numerically chosen to minimize the BER under each condition. By requiring a BER of
10", we compute from Eq. (1) and (2) the required drive current, I, as a function of laser threshold current, I, for
various bit rates. We have assumed that the DQE of the laser is 0.3 W/A in all cases, a typical number for low thresh-
old lasers, and a carrier lifetime of 1 ns. We compute the average electrical power consumption for the laser, given by
P = (05) (Z, Van+1:IZ°) where we choose V,, = 1.5 Volts and Z, = 5. This is showr in Fig. 2. It can be seen from
Fig. 2 that the need for sub-100 pA threshold lasers depends on the modulation bit rate. The lowest threshold which
still yields a drive power advantage is between 50 pA for 5 Gb/s to 100 pA for 0.1 Gb/s. It should be noted that the
above resuits are for a specific link loss and receiver configuration. Therefore, the answer to the q :~stion “how low a

threshold is low enough” depends not only on the modulation bit rate but on the interconnection link configuration.
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P1
SINGLE-MODE TUNABLE FIR PULSED p-Ge LASER
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Abstract

1. Introduction

A mechanically tunable selective resonator was developed and introduced in the far-infrared p— Ge laser
cavity. It leads to a continuous wavelength tunability from 75 to 110 um. High resolved heterodyne
mixing spectroscopy was used to measure the linewidth and mode structure of the p— Ge laser radiation.

The far-infrared pulsed semiconductor lasers based on the transitions between the light and heavy hole
subbands of p — Ge in crossed electric and magnetic fields ELH at cryogenic temperatures cover a very
broad spectral range (75-200 um) [1]. The amplification of radiation on direct optical { — & transitions
takes place in a wide frequency range lying below the energy of the optical phonon. As the result, the

{ — h laser with a nonselective, quasi-optical cavity has an anomalously wide radiation spectrum with a
typical width about 10-20 cm™! which can be tuned by applied ELH fields in the range 80-135 cm™?
(A=80-125 um) with a typical output power up to 10 W during the laser pulse (several psec).

There are a lot of methods to design a selective laser resonator in order to reach a single or quasi-single
mode operation. Several attempts to select the modes and to tune the radiation frequency by different
groups can be found in references [1-4]. We have designed a high-Q intracavity selector to get a very

narrow-band tunable laser.

The active body of the laser is a sample of monocrystalline Ge doped by Ga with an acceptor concen-
tration (5—7) x 1013 cm~3. The length is about 50 mm with a rectangular cross-section of 5x 7 mm?2. The
lateral sides of the sample are prepared in order to suppress radiation reflections. A silicon plane-concave
spacer with an evaporated metal mirror is attached to one of the end faces. This element serves as an
output mirror. On the opposite end of the p-Ge sample another silicon spacer with an evaporated metal
semi-transparent mirror in the form of metal stripes or a chess desk is attached. This element serves as a
coupling element. A total reflecting metal mirror closes the resonator. The vacuum gap enclosed between
this end mirror and the coupling element is the passive Fabry-Perot type resonator with changeable
thickness h, which is coupled with the active laser part, and serves as the tunable frequency selector.

2. Experimental results

In the experiments to analyse the output characteristics of the selective laser we used optical and
heterodyne type spectrometers. The experimental setup consists of the p-Ge laser with a pump power
supply and the receiving part. The latter includes either a grating far-infrared monochromator IRS-31
with a cooled Ge:Ga photodetector or a Schottky diode detector-mixer with a spectrum analyser.

The pulsed electric field Eap = 0.5—2.0 kV/cm is applied to the lateral surfaces 50 x 5 mm? through
evaporated Al ohmic contacts. All resonator elements are fixed by a special holder to provide the optical
coupling and the orthogonality of all elements. The holder is placed in a superconductive solenoid with
a magnetic field H = 5-20 kOe oriented along the long axis of the resonator, thus E,,,,J_H The whole
system is immersed in liquid helium. The laser radiation is directed out of the helium cryostat by a 10

mm diameter metal waveguide which leads to the registration part of the setup.

Direct optical measurements of the radiation spectrum from the selective p-Ge laser by the IRS-31
showed that the laser spectrum is transformed to a narrow spectral line with a full width at half maximum
(FWHM) not exceeding 0.077-0.080 pm, which is almost an order less than the spectral linewidth of the
other known constructions of p — Ge lasers [3,4]. The estimation of the linewidth maximum with respect
to the grating spectrometer resolution limit gave a value about 0.02 gm. There is practically no change
of the total laser power with the inserted intracavity frequency selector. The power is in the order of
several watts, i.e. the power spectral density increases at the resonant line at least by three orders in
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comparison with the broad-band regime of generation. The construction of the selective element allows
the continuous wavelength tunability in the range 75-110 um, tuned by a wheel, allocated outside of the
liquid helium cryostat at room temperature.

To investigate the fine structure of the p — Ge laser spectrum we have used the method of homodyne
and heterodyne mixing spectroscopy with n — GaAs Schottky diode mixer [5]. The signal from the
p — Ge laser was detected by the diode and the intermediate frequency (IF) signal from the diode was
registrated by a spectrum analyser. The IF spectrum consisted of beat frequencies from different p-Ge
laser modes. The main line in the frequency spectrum (458 MHz) equals to the fundamental intermode
spacing Af = ¢/(2L}, where ¢ is the velocity of light and L is the optical length of the whole resonator.
The FWHM for this line is about 1-2 MHz for a laser pulse duration T' = 2 — 3usec, that approaches the
physical limit FWHM xT = Const. The additional stray resonant lines in the IF spectrum are connected
with disturbances of the internal transparency. As it was discovered in [5] the IF spectrum, obtained by
mixing the nonselective p-Ge laser with the FIR CW gas laser on the wavelengths 117.7, 118.8 um, has
a time evolution, i.e. there is a shift of the p — Ge laser modes during the laser pulse up to 25 MHz to
low frequencies. This can be explained by an increase of the optical length of the laser resonator due to
sample heating by the applied electric field pulses.

3. The results of numerical computations of the resonator

To analyse the described resonator we used the method based on solving the Fresnel-Kirchkoff surface
integral [6]. It was found that the wave field (called the mode TEM,,,,) is close to known quasi-
Gaussian form for the low loss level modes and differs from it for the case of high loss level modes. The
eigenfrequencies are similiar to the spectrum of a hemi-spherical cavity [6]. The calculated loss level of
the resonant frequencies (about 10™% cm™!) gives high-Q resonant lines upto 67" = 610—0 =32x1077
with FWHM about 1 MHz. The calculations for high-order modes (TEMq, and higher) show that the
proposed selector effectively separates higher transverse modes because of higher diffraction losses.

The main advantage to use an intracavity selection is the progressive increase of the gain — loss
frequency differences, introduced by the selector. The most effective spectral narrowing arises for the
linear regime of the stiinulated emission when the intensity of the laser mode grows on the exponential
low. Basing on it and knowing the time of the linear regime [7], we can estimate the FWHM about
0.030-0.037 cm™! for the output lasing spectrum.

4. Discussion

So both the experimental and theoretical investigations discover the spectrum structure of the realized
selective tunable p-Ge laser. The lasing spectrum consists of a single-mode type radiation TEMgo, with
not more than 2-3 eigenfrequency oscillations. The frequency envelope of the lasing is about 0.02-0.03
cm™1 (600-900 MHz) and the FWHM of the carrier lines is about 1 MHz. The performed calculations
gives the optimal dimensions for the resonator to reach a single frequency laser operation. Thus the
quality of the radiation line @ = £ may be within the limits 5 x 10°> — 6 x 10° with a coefficient of
wavelength tunability n = (140 — 90)(cm™!)/év = Q/2. The lossless concentration of the total laser
power from a 500 GHz (17 cm™!) wide frequency interval into the selected line evidently requires the
accent on the frequency interaction processes, i.e. on a nonlinear regime of laser generation.
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Abstract— We show wide and rapid tuning characteristics of the
Enhanced-Plasma-Effect (EPE) lasers, which are new frequency
tunable lasers having a thick carrier reservoir. Using the EPE lasers,
continuous tuning range of more than 10 nm is predicted.

Frequency tunable lasers with rapid tunability and wide continuous tuning range are
essential for coherent optical frequency-division-multiplexed networks. Recently we proposed
the Enhanced-Plasma-Effect (EPE) lasers [1], which are novel multiquantum-well (MQW)
distributed-feedback (DFB) lasers having a very thick p-side carrier reservoir. Carrier density
change is enhanced by the thick reservoir because of the carrier-transport effect [213).
Therefore the fast blue frequency shift due to the plasma effect is strikingly enhanced and
surpasses the slow red thermal frequency drit. We demonstrated rapid tunability (< 5 ns) and
strong thermal frequency drift suppression (1/10) in the EPE DFB laser with a 600-nm-thick
carrier reservoir [, In this paper, we also demonstrate theoretically wide continuous tuning
range of the EPE lasers.

Figure 1 shows the schematic band diagram of the EPE lasers. The fre.: . hifts were
calculated in consideration of the carrier transport time, the carrier lifetime i, . ceservoir t,,
and heat generation owing to nonradiative current. The carrier density dependence of the T,
and the thermal dependence of the gain were also considered. Figure 2 shows the experimental
and calculated results of the frequency-modulation (FM) efficiency at 20 MHz, which equals
the initial blue frequency shift per unit current due to the plasma effect. The FM efficiency
increased with reservoir thickness but was reduced by the influence of t,. The calculated and
experimental results show good agreement.

Figure 3 shows the calculated results of the optical frequency shift at steady state, which
was influenced by the red thermal drift, for different reservoir thicknesses. The frequency shift
increased at lower current levels but decreased rapidly at higher levels because of increased
heat generation. Therefore there was maximum frequency shift that indicates the CW tuning
range for each reservoir thickness. Figure 4 shows the calculated results of the CW tuning
range for two supposed values of thermal resistance R,,. The values 100 and 20 K/W were for
hypothetical junction-up and junction-down mounts, respectively. The maximum tuning range
of 460 GHz (3.6 nm) was considered to be realized with a 760-nm-thick reservoir when R, =
100 K/W. The 1350-GHz (10.8-nm) tuning range could be realized with an 800-nm-thick
reservoir if R, were reduced to 20 K/W. This 10-nm tuning range covers the bandwidth of
Erbium-Doped Fiber Amplifiers.

In conclusion, we have demonstrated wide and rapid tunability of the EPE lasers. The key
to expand the tuning range is reduction of the thermal resistance. Over 10-nm continuous
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rapid tuning was predicted with optimized reservoir thickness.
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Improved performance of semiconductor ring lasers with
multi-mode interference output couplers

T.Krauss, P.J.R.Laybourn and R.M.DelaRue

Optoelectronics Group, Department of Electronics and Electrical Engineering, The
University, Glasgow, G12 8LT, Scotland, U.K.

We present strip-loaded ring lasers in GaAs/AlGaAs that operate with a threshold current of
140mA for a total pumped device length of 4.5mm and a quantum efficiency of 7% (per
output), to our knowledge the highest etficiency for such lasers reported to date.

Semiconductor ring resonator lasers offer a range of advantages over other geometries that
employ cleaved facets or gratings for optical feedback. They are easily integrated and
naturally offer themselves for mode-locked configurations [1], because of the inherent
symmetry and because the device dimensions are defined by lithography which allows precise
control over the resonator length and repetition frequency.

Here, we present devices that use a strip-loaded geometry [2] to overcome the degradation
problems previously encountered with deeply etched structures in the GaAs/AlGaAs material
system [3]. The curvature radius is 400um and we compare three difterent types oi output
coupler in order to identify the influence of the coupling geometry on the performance of such
lasers. Ring lasers employing multi-mode interference (MMI) couplers show significantly
better characteristics than devices with Y-junctions and directional couplers (Fig.1).
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Figure 1 L-I curves of semiconductor ring lasers with three different types of output coupler; a) Y-junction; b)
Directional coupler; ¢) MMI coupler. The spectrum shown in c) indicates the correlation between kinks in the L -
1 curve and mode hops, indicating coupled cavity effects. The scale is 2nm/div (horizontal), 10dB/div (vertical).

The good performance of the strip-loaded MMI coupler section is an essential requirement for
this improvement. Despite the reduced number of modes in the interference section compared
to deeply etched structures, strip-loaded couplers also produce a 3dB coupling ratio and
virtually no loss [Fig.2a].

The reason for the improved performance of the ring laser devices that employ these couplers
is that the coupling ratio is very tolerant to changes in mode position, refractive index and
wavelength that occur during operation. This is illustrated in Fig.2b, where we show-two
characteristics of MMI couplers that are beneficial to ring laser operation. Firstly, the
distorted input field caused by the curvature of the ring laser waveguide does not significantly
alter the coupling ratio because of the imaging properties of the device. Secondly, if the mode
position shifts during operation (due to the fact that the refractive index change caused by

87




injected carriers is of the same order as the contrast due to strip loading), the coupling ratio is
maintained and the fraction of light coupled into the output path remains unchanged, an
essential requirement for a linear L-I curve. This invariance of the coupling ratio to small
changes of the input field does not apply in the same way to Y-junctions and directional
couplers, which is the reason for the superior output characteristic of MMI coupler lasers.
The same applies to fabrication tolerances, where small changes do not influence the device
operation significantly, as shown by the almost identical results that we obtained for ring
lasers with coupler lengths of 280um, 300um and 320um. The devices operated cw at
typically 140mA threshold current with a difterential guantum efficiency of 7% (per output),
which we believe is the highest value reported to date for lasers of this type.

The output curve is almost linear [Fig.lc], but some kink-like features remain between
150mA and 180mA. We attribute these kinks to coupled cavity effects, which indicates that
the output waveguide, despite the small reflection coefficiant of the 4° tilted output facets,
clearly affects the overall mode-structure of the laser. This assumption is supported by the
spectral behaviour, which shows a mode-hop accompanying the kink at 160mA, a typical
result for a coupled cavity [4].
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Figure 2 Intensity distribution in 2x2 MMI couplers modelled using the Finite Ditference BPM; a) showing that
strip-loaded couplers perform equally well as deeply etched ones, despite the reduce number of modes (6-8) in
the interference section; b) illustrating that the coupling ratio is mostly independent of the shape of the input
field; ¢) proposing an asymmetric coupler to increase the fraction of light coupled into the output path.

The efficiency can be further increased by employing an asymmetric coupler configuration as
shown in Fig.2¢. Feeding the coupler off-centre excites the modes in the interference section
at a different ratio and the resulting self-images are not of equal brightness. In consequence, a
higher fraction of the input field can be coupled into the output path and the external
efficiency be increased. We acknowledge J.S.Roberts, Shefticld University, for material
growth and the SERC for financial support.
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Reduction of Size Fluctuation Effect in GalnAs/GalnAsP
Quantum-Box Lasers Using Tensile-Strained Active Region

Hidelki HIRAYAMA and Masahiro ASADA

Department of Electrical and Electronic Engineering
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2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan
Telephone:+81-3-5734-2564 FAX:+81-3-5499-4791

Abstract: We show theoretically the reduction of quantum-box (QB) size fluctuation
effect in GalnAs/GalnAsP QB lasers using tensile-strained active region. Tensile-strained
QB laser is shown to be highly advantagous for 1.5um low threshold laser.

Strained Quantum-box (QB) lasers are theoretically expected to exhibit various high
performances such as high quantum efficiency, high power, ultralow threshold current due
to large 0-dimensional confined effect. We have already achieved the lasing operation of a
GalnAs/GalnAsP tensile-strained QB laser!!l and observed the 0-dimensional size effect
in strained QB structuresl?. In this paper, we show the influence of size fluctuation, which
has been the most severe problem in QB lasers, can be relaxed by tensile-strained active
region.

Figure 1 shows the strain effect to carrier distribution in GalnAs/GalnAsP QB struc-
tures. By introducing compressive- or tensile-strain into QB region, quantum levels largely
split due to the reduction of lateral hole effective mass which leads to the efficient hole
concentration in lasing level. In addition, in tensile-strained case, electron level is only one
even in relatively large QB size due to small conduction band discontinuity which leads
to the efficient electron concentration into the lasing level and low transparent carrier
density. The coupling between dipole moment and light field is also large in tensile case.
The strain effect in QB laser is summarized in table 1.

Size fluctuation effect on optical gain is determined by the emission peak energy
broabening with the change of QB size. For unstrained and compressive-strained QB,
threshold current increase due to QB size fluctuation is large because of large emission
energy brodening with the change of QB size due to small optimal QB size and small
electron and hole effective masses. On the other hand, the fluctuation effect is reduced
dramatically in tensile-stained QB because of small emission energy broadening due to
small conduction band discontinuity.

Figures. 2 shows the threshold current densities of QB lasers as a function of QB
density for optimal QB size with and without QR size fluctuation. Tensile-strained QB
laser shows the lowest threshold current density as well as less influence of size fluctuation.

Refererences:
(1] H. Hirayama et al. Electron. Lett., vol. 30, no. 2, p. 142, Jan. 1994.
(2] H.Hirayama et al., to be published in Jan. J. Appl. Phys..
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Submiilliampere Threshold Buried-Heterostructure InGaAs/GaAs Single Quantum Well
Lasers Grown by Selective-Area Epitaxy

R.M. Lammert, T.M. Cockerill, D.V. Forbes, G.M. Smith and J.J. Coleman

Microelectronics Laboratory
Materials Research Laboratory
University of Illinois
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Abstract - Submilliampere threshold strained-layer InGaAs-GaAs-AlGaAs single
quantum well buried heterostructure lasers grown by selective-area MOCVD are
described. Low threshold currents, high differential slope efficiencies and high ovtput

powers are reported.

Buried heterostructure (BH) lasers are
desirable because of the strong lateral index
guiding and current confinement provided by
the heterostructure discontinuity in the lateral
direction. These features allow the BH laser to
operate with low threshold current and high
efficiency. Fabrication of BH laser structures
containing AlGaAs can be difficult because
the formation of a stable native oxide often
results in poor quality interfaces upon
regrowth. Low threshold BH lasers containing
AlGaAs have been fabricated using liquid
phase epitaxy (LPE) for the regrowth in order
to melt-back the oxidized interface [1].
Impurity-induced layer disorder (IILD) has
also been used to fabricate low threshold BH
lasers [2] but has the disadvantage of a long
anneal at high temperatures which can lead to
interdiffusion at the InGaAs-GaAs interface.
Recently, a three step selective-area epitaxy
has been demonstrated [3] that eliminates
much of the difficulty associated with
regrowth over exposed AlGaAs. This process
also permits wavelength "tuning" over the
wafer, allowing for a single wafer containing
BH lasers which operate at various wave-
lengths. In this talk, we report the fabrication
of optimized strained-layer, InGaAs-GaAs-
AlGaAs single quantum well (SQW) BH
lasers by three-step selective-area growth
using only atmospheric pressure metalorganic
chemical vapor deposition (MOCVD). These
lasers exhibit extremely low threshold currents
for as-cleaved facet devices (Ith= 2.65 mA)
and submilliampere thresholds for HR coated
devices (Ith =0.97 mA) .
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Selective-area MOCVD growth utilizing a
patterned silicon dioxide mask was used to
fabricate the strained-layer InGaAs-GaAs-
AlGaAs SQW BH lasers [3]. No deposition
takes place on the silicon dioxide and the
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Figure 1. Longitudinal mode spectrum with the output
vs, current (inset) of a three step selective-area epitaxy
buried heterostructure laser with as-cleaved facets
operating pulsed at room temperature (Apeak = 1.022
um, I, = 2.65 mA).

growth rate everywhere else is enhanced. The
amount of this enhancement and, hence,
quantum well thickness and composition, is
determined by the geometry of the mask pat-
tem. For these devices, a dual oxide stripe ge-




ometry is employed with the oxide stripe
width defining the emission wavelength and
the spacing between stripes defining the lateral
waveguide width. The three-step growth pro-
cess begins with growth of a buffer layer, a 1
Hm Alp 60Gan 40As lower cladding and a thin
(150 A) GaAs layer to prevent oxidation. The
sample 1s removed from the chamber and a
600A SiO2 mask is deposited on the sample
and patterned by standard lithography methods
and an H2804:H70 (1:80) etch is used to re-
move process contamination before the sample
is returned to the reactor for the selective
growth of the active region. The oxide mask
was removed and another H2SO4:H,0 (1:80)
etch is performed before the final growth con-
sisting of a 50 GaAs layer, a 1 um
Alp 60Gag.40As upper cladding and a 0.15 um
GaAs p* cap.
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Figure 2. Pulsed output vs. current at low current levels
for one facet of a three step selective-area epitaxy
buried heterostructure laser (I;, = 0.97 mA, length 180
itm, active region stripe width 2 um)
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Fig. 1 shows the longitudinal mode spec-
trum of a 330 um long, 2 um wide BH laser
(Apeak = 1.022 pum) with as-cleaved facets op-
erating just above threshold at room tempera-
ture. The inset of Fig. 1 shows the L-I charac-
teristic of this device. A threshold current of
2.65 mA (401 A/cm2) and a differential slope
efficiency of 0.392 (W/A) per uncoated facet
was observed from this device which had a
calculated effective lateral index step of 0.19.
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With the application of HR coatings, a submil-
liampere (0.97 mA) threshold current is ob-
tained on a similar 180 um long BH laser,
shown in Fig. 2. Shown in Fig. 3 is the L-I
characteristic for one facet of a 760 um long 4
pm wide BH driven to higher currents (Iin=7
mA, Jin=230 A/cm?, Apeak = 1.032 pum). The
peak optical power of this device (170
mW/facet) was limited by the onset of COD.
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Figure 3. Pulsed output vs. current at higher current
levels for one facet of an uncoated three step selective-
area epitaxy buried heterostructure laser (I, = 7 mA, Jij,
=230 A/cmZ, Apeay = 1.032 um, Pryax = 170 mW)

The selective-area process allows the
wavelength across the sample to be varied
from 0.956 to 1.032 um. These resuits indicate
low threshold, wavelength tunability, and high
optical power are obtainable for selective-area
epitaxy buried heterostructure lasers.
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Yariv, "Strained Single Quantum Well InGaAs
Lasers with a Threshold Current of 0.25 mA,"” Appl.
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GaAs-AlGaAs Quantum well lasers by Selective-
Area MOCVD," J. Electronic Mater. vol. 23, p.
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Monolithic Integration of a Laser Diode with a Polymer-Based Waveguide for
Photonic Integrated Circuits.
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In the rapidly developing field of photonic integrated circuits (PICs), monolithic integration of active
and passive optoelectronic companents is becoming increasingly important as a tool to produce low cost
and high funtionality optical modules with applications in a wide range of systems. One of the key elements
in these PICs is the connection of the laser diode to an external waveguide in a monolithical way. Various
schemaes, involving particularly Hl-V materials for the waveguide structure, have been already reported to
achieve such integration. More recently promising approaches using glass or polymer materials for light
waveguiding have been intensively studied with a view to develop optical interconnects[1]. These kinds of
materials have intrinsically very low-loss in the infrared region. Attempts to integrate hybrid components
with silica based waveguides onto silicon motherboard has shown very good losses figures and high thermal
stability[2]. However the resuiting optical coupling efficiency is fairly low and the assembly techniques are
expansive and time consuming. In this paper a monolithic integration of a laser diode with a polymeric based
waveguide is reported as a first step in developping a monolithically integrated multi-wavelength DFB laser
array with a passive polymeric optical power combiner. This alternative approach based on polymeric
materials offers the advantages of the potentially low optical losses and high and easy processability, and
the capability of preparation of active and passive components on lil-V wafers with already processed
devices. :

The monolithically integrated laser/waveguide device shown schematically in Fig. 1. was prepared
viaatwo distinct process stages : first, the laser wafer with buried ridge stripe structure (BRS) was fabricated
using MOVPE and reactive ion beam etching (RIBE) technique[3]. After the p and n contact metallization,
the Fabry-Perrot laser mirrors have been made by CH,/H,/Ar based RIBE[4). Single mode waveguides were
then fabricated using the polyimides by spin coating, conventional photolithographic patterning and reactive
ion etching (RIE). An under-cladding layer of PMMA (n=1.48, 1.5um thick and cured at 170°C) and a core
layer of polystyrene (n=1.6, 1um thcik cured at 200°C) were spin coated onto the substrate. Care has been
taken to butt-joint couple the laser to the waveguide active layer in order to improve the coupling efficiency.
The core ridge was then fabricated by photolithographic patterning and RIE using oxygen. Finally the ridge
was embedded into a teflon AF upper cladding layer. Fig. 2 shows the light absorption spectrum of the
polystyrene we used . . core material. Only one peak at 1.65um is observed int he near infrared region
which is attributed to the second harmonics of the stretching vibration of the C-H bond. There are no
absorption peaks at 1.3 and 1.55um where the absorption is less than 1 dB/cm. Fig.3 shows the light output
power versus current characteristics of the integrated device measured at the cleaved laser facet and at
the end of the waveguide. The laser cavily and the waveguide lengths were respectively 250 um and 600
um. The optical power output from the laser and the waveguide facets were typically 11 mW and 5 mW at
100mA. The difference between the optical powers stems from the coupling loss at the joint, the propagation
losses and the out-coupling losses at the end of the waveguide. Significant improvement may be expected
by optimizing the processing steps. Single mode operation of the waveguide is identified by the near field
patterns (Fig.3). Moreover the integrated device shows high thermal stability against temperature after
heating at 250°C for 1 h, with no significant decrease in the waveguide power output.

Furthermore, this proposed integration scheme could be a particularly suitable builing block for the
fabrication of various PICs. As first example, Fig. 4 shows an SEM photograph of a monolithically integrated
multi-wavelengths DFB lasers array with a passive optical power combiner as well as a 2 D BPM simulation
of the optical combiner. The total length of such combiner is 800 um and the angles betweer. waveguides
are 22°. Due to the low refractive index of the core and the refractive index difference between core and
cladding (~ 0.2), wide branching angles are allowed. The total optical losses of such a device have been
estimated to be less than 10 dB.

1.3um Buried Ridge Structure lasers and polymer-based waveguides have been monolithically
integrated using high performance and low cost technology. The main applications are passive components
such as optical combiners for WDM devices, splitters switches and other various PICs.

References: (1) C.Rompft, B.Hilmer, W.Kowalsky ECOC 93, paper N° WeP7.5. [2] C A.Jones et al. Electron. Let.. 1994,

30,(3). [3] N.Bouadma, C.Kazmierski and J.Semo Appl. Phys. Lett.59, 1 (1991). "4] N.Bouadma and J.Semo to be published in IEEE
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EXTREMELY SMALL ACTIVE STRIPE LASER DIODES(EXSAS-LDs)
FOR 17-CHANNEL LOW THRESHOLD ARRAY

Shotaro KITAMURA, Tatsuya SASAKI, Keiro KOMATSU, and Mitsuhiro KITAMURA

Opto-Electronics Research Labs.
NEC Corporation
34 Miyukiga-oka, Tsukuba, Ibaraki 305, JAPAN

ABSTRACT
Uniform 17-channel array of low threshold(3.5mA,av.) 1.3um wavelength lasers was realized with
submicron wide bulk active layers grown by selective MOVPE technique.

INTRODUCTION

Optical parallel interconnection is a promising technology for high-speed, high capacity
computing and transmission systems, where multi-channel laser arrays with uniform characteristics and
low threshold current are required{1]. So far, ten-channel laser arrays with 1.8mA threshold current
have been reported[2]. However, there still exist problems to be solved for multi-channel arrays, with
regard (o broad area uniformity and reproducibility. In this report, we propose a new type of low
threshold laser array with quite simple structure, having submicron wide bulk active layers. The
proposed laser array was fabricated by selective MOVPE technique[3,4]. Uniform 17-channel laser
array, which corresponds to 2-bytes data and 1bit control signals, was demonstrated with low threshold
current.

DEVICE STRUCTURE AND FABRICATION

Figure 1 shows the extremely small active stripe laser diode(EXSAS-LD) of the array. A bulk
InGaAsP active layer of 1.3um wavelength composition was buried in InP layers. The active layer was
designed to be 0.5um wide and 0.3pum thick and the cross sectiorial SEM image is shown in Fig.2.
This nearly square cross sectional dimensions have such a large optical confinement of 40%, while
commonly taken dimensions of 1.5-2.0um width and 0.1pum thickness for BH lasers have only 15%
though they have equivalent cross sectional area. Therefore, low threshold current due to high optical
modal gain was expected. The device length was 210 um and the spacing between channels was
250pm. The facets were coated with Al,0,/a-Si multi-layers to have 70% and 90% of reflectivity for
front and rear facets, respectively.

In order to form so narrow active layers as 0.5um, selective MOVPE technique has been
employed. In this fabrication technique, extremely small semiconductor stripes including active layers
were successfully grown on submicron wide center spacings between pairs of SiO, masks[4].
Submicron mask pattering was easily realized by a projection printer. Therefore, the small active layer
dimensions were precisely controlled, so that the laser array with low threshold current and excellent
uniformity was realized.

DEVICE CHARACTERISTICS

Figure 3 shows the measured CW light output characteristics of the 17-channel array. The 17-
lasers showed uniform characteristics of threshold current of 3.0-4.5mA and slope efficiency of 0.13-
0.17W/A. The average threshold and efficiency are 3.5mA and 0.15A/W, respectively. Temperature
dependence of the light output characteristics is shown in Fig.4. Even at high temperature of 80°C,
the laser still has low threshold of 8mA and 0.12W/A slope efficiency. The characteristic temperature
T, was 60K between 25-80°C, which is typical value for BH lasers.

Excellent characteristics have been achieved, even though the laser structure has not been fully
optimized yet. The measured characteristics demonstrates the potentiality of this proposed laser array.

CONCLUSION
A new type of laser array for parallel interconnection was proposed, and uniform 17-channel
array with low threshold current was demonstrated by selective MOVPE technique.
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Hydrogen Effect on 670nm AlGaInP Visible Laser during High Temperature Operation

Won-Jin Choi, Ji-Ho Chang, Won-Tack Choi, Scung-Hee Kim, Jong-Seok Kim, Shi-Jong Leem,
and Tae-Kyung Yoo

GoldStar Central Research Laboratory, 16 Woomyeon-Dong , Seocho-Gu, Seoul 137-140, Korea

Abstract

It has been shown that characteristics of AIGalnP lasers are improved afier a short-term aging test. It
is proposed based on SIMS measurement that this phenomenon is due to the redistribution of atomic hydrogens
during the operation.

During the accelerated aging test, we have found that AlGalnP laser diodes show a typical
phenomenon that the characteristics are improved at the beginning of the aging test. This phenomenon has
been shown in the previous papers{1-3], but its origin has not been explained clearly.

In this paper, we studied on aging characteristics of AlGalnP laser, especially on that phenomenon.
An index guided strained muiti-quantum well (SMQW) AlGalnP laser with the wavelength of 670nm and the
threshold current of 35mA at 250um cavity length has been fabricated by metalorganic vapor phase
deposition(MOCVD). Growth conditions in detail were reported in another paper{4]. Aging test was carried
out on automatic power control(APC) for 3mW at 50°C. Fig. la) shows aging characteristics of index guided
SMQW GalnP/AlGalnP visible laser diode with those of 860nm LPE grown index guided GaAs/AlGaAs laser
diode for a comparison. For AlGalnP visible laser diodes we found the operating current decreased gradually
from the starting point to about 50 hours and then stabilized. Fig.1b) and Fig. Ic) show the changes in series
resistances and threshold currents of the laser diodes after the aging test starts. From Fig.la), it can be
expected that the output power would not vary under a constant current condition at room temperature(RT) as
well as the aging temperature. Fig. 2 shows the increase of lasing output power when the current is maintained
constantly at RT. Therefore, we assumed that the changes are related with atomic hydrogens in epi-layers of
the laser because sources for MOCVD can supply epi-layers with a lot of atomic hydrogens{5]. In
semiconductors, it is well known that the atomic hydrogens passivate shallow dopants, deep levels, and defects
in bulk and at interface[6). Hydrogen passivation could effect on the decrease of nonradiative centers and the
increase of the radiative recombination lifetime[7}. Thus, hydrogen passivation could reduce the acceptor
activation{9] and increase luminescence efficiencies[6-8). So it is expected that any behavior of the atomic
hydrogen would effect on the characteristics of a laser diode.

To investigate the hydrogen effect on a laser diode structure, we fabricated SMQW GalnP/AlGalnP
visible light emitting diode(LED) which has the same structures in the clad and active region that the laser
diode has. We examined the change of the hydrogen profile of each layer by secondary ion mass
spectroscopy(SIMS) before and after the aging test done in the similar condition that laser diodes were tested
in. Before aging, the hydrogen concentration of p- AlGalnP layer was relatively higher than those of the active
layer and n-AlGalnP layer as shown in Fig. 3. The hydrogen concentration of the active region was the lowest
among those of three layers. But, after aging test, the hydrogen concentration of p- AlGalnP layer decreased
and reached nearly the same level of n-AlGalnP layer. And, the hydrogen concentration of the active region
increased and the lowest concentration point was shifted toward the n- AlGalnP layer after aging test.

In conclusion, we proposed that the reduction of the series resistance of the laser diode and the
improvements of the threshold characteristic and the output power with a short-term of the aging test are
attributed to the reduction of hydrogen concentration in the p-AlGalnP layer and the passivation of defects
both in bulk and at interface of the active region respectively.
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High temperature and reliable operation of 630nm-band InGaAlP
tensile-strained multiquantum-well laser diodes

Minoru Watanabe, Hatsumi Matsuura. Naohiro Shimada,
and Hajime Okuda

Semiconductor Group, Toshiba Corporation, 72, Horikawa-cho,
Saiwai-ku, Kawasaki 210, Japan

Abstract

High temperature and reliable operation of 635 nm tensile
strained multiquantum-well laser diodes has been achieved. An
output power level of 10 mW was sustainale up to 80 °C and stable
operation of over 1000 hours, for an output of 5 mW, at 50 °C,
was observed.

Summary

630 nm-band semiconductor laser diodes are attractive as
substitutes for He-Ne lasers. We have previously reported that
the operation characteristics of InGaAlP multiquantum-well (MQW)
laser diodes with tensile-strained quantum wells are superior to
those of conventional unstrained MGW laser diodes, and the
practical development of such MQW lasers has now been
achieved. [1] In this report, we describe the design of 630 nm-
band tensile-strained M@W lasers for high temperature and
reliable operation, and outline the optimum structure.

The tensile-strained MQW laser diodes used in this work.
were prepared by low pressure metalorganic chemical wvapor
deposition (MOCVD) techniques, all having an MQW-separate
confinement heterostructure (MA@W-SCH) which consisted of 1.0 2m p

and n-Ing 5(Gag 3Alg. 7)g.sP cladding layers, two
Ing 5(Gag. 5Alp. 5)p. 5P confinement layers, and an MGW active
region with tensile-strained InGaP wells and 4 nn

Ing 5(Gag s5Alg. 5)p. 5P barriers. Si doped GaAs (100) substrates,
15° misoriented towards the [011] direction, were used. (2] These
transverse-mode stabilized MQW lasers had a selectively buried
ridge waveguide (SBR) structure with A/2 coated facets, and a
stripe width of Sgm for a 600 gm cavity length.

Fig. 1l shows temperature dependence of light output power vs.
continuous wave (cw) current of the lasers with (a)two and
(b)four 8 nm Ing 3g8Gag g2P(Aa/a=-0. 75%) wells. At 20 °C these
lased., at 633 and 635 nm, respectively., with threshold currents
of 61 and 68 mA. Their characteristic temperatures, Ty, below 50
°C were found to be 55 K and 81 K, respectively. The four well (
8 nm, -0.75%Z) lasers were found to operate up to 80 °C, whereas,
the two well(8 nm, -0.75%) lasers could not operate at all above
60 °C. This indicates that increasing the well number is an
effective method to improve the temperature characteristics. The
lasers with three 11 nm Ing 3gGapg g4P(Aa/a=-0.93%) wells,
fabricated to investigate the effect of strain upon operation
characteristics, were found to have threshold currents as low as

49 mA at 20 °C. These lasers had a characteristic temperature
99




below 50 °C, of 74 K and could operate at temperature as high as
the four well(8 nm, -0.75%) laser. Fig.2 shows life test data for
(a)the four well(8 nm, -0.75%) lasers and (b)the three well(ll
nm, -0.93%) lasers, respectively. The four well(8 nm, -0.75%)
lasers have been operating stably, at 5 oW at 50 °*C, for wmore
than 1000 hours with no degradation. However, the three well(ll
nm, -0.93%X) lasers show signs of some degradation under the same
test conditions. This is thought to be due to the fact that, in
the three well(ll nm, =-0.93%) case, the overall active region
thickness exceeds the critical thickness value for lattice
relaxation, according to the theory of Matthews et al.. (3]

In conclusion, it has been found that, to improve the
temperature and reliability characteristics of tensile-strained
MQW lasers. an increase in well number, well width, and tensile
strain within the critical thickness criteria is effective. The
MQW structure with four 8 nm wells (-0.75%) was found to be
optimun.

(1] M. Watanabe et al.., Appl.Phys.Lett. 63, 1486(1993)
(2] M.Watanabe et al., Electron.Lett. 29,6250(1993)
{3] J.W.Matthews et al., J.Cry.Growth, 27,118(1974)
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High Efficiency Visible Single Mode Laser Diodes

Randall S. Geels, William E. Plano, David F. Welch
Spectra Diode Laboratories, 80 Rose Orchard Way, San Jose, CA, 95134
Ph.: (408) 943-9411, Fax: (408) 943-9411

Abstract

We report low threshold and high efficiency operation of 660 nm band single mode laser
diodes. The threshold currents are as low as 13 mA. External differential quantum efficiencies
greater than 80% are reported.

Summary

Visible laser diodes are of considerable interest for applications in printing, optical data
storage, medicine, bar code reading, and laser pointing. Recent progress includes demonstration
of high temperature, high power lasers at short wavelengths!-3 and low threshold currents in the
vicinity of 670 nm.# For applications in battery operated devices and other low power
applications it is important to minimize the operating current. In this work we report single mode
visible laser diodes which simultaneously achieve low threshold current and high slope
efficiency to obtain greater than 20 mW at operating currents less than 30 mA.

The visible laser epitaxial structure is grown by metal organic chemical vapor deposition
(MOCVD) on a GaAs substrate. Cladding layers of AlInP surround waveguiding layers of
AlGalnP. The active layer consists of a single compressively strained InGaP quantum well. The
use of a single quantum well minimizes the threshold current and the use of compressive strain
also serves to decrease the threshold current and insure high efficiency operation. Also, the use
of AllnP cladding layers maximizes the carrier confinement in the active region. Material
characterization is performed by fabricating broad area lasers and testing them under cw
operation. Threshold current densities in the 200-250 A/cm?2 range are routinely obtained.
External differential quantum efficiencies (np) are as high as 83%.

Index guided single mode visible laser diodes are fabricated and mounted junction side down
onto heatsinks for cw testing. Both uncoated and AR/HR coated laser diodes were tested. The
AR/HR coatings consisted of an approximately 10% AR coating on the front and a 90% HR
coating on the rear facet. Fig. 1 shows the light current characteristics of an AR/HR coated 250
um laser diode. As shown in the inset, the lasing wavelength is 662 nm. The threshold current is
13 mA and the slope efficiency is 1.4 W/A which corresponds to an external differential quantum
efficiency of 74%. For a longer, 500 pm cavity device the threshold current increases to 22 mA
and the slope efficiency decreases to 1.2 W/A as shown in Fig. 2. Also shown in Fig. 2 is the
total output power vs current of an uncoated 500 pm cavity device from the same location in the
wafer. As is evident from the figure, the external efficiency before coating is 83%, whereas after
coating the efficiency is decreased. The parallel far field pattern from a 500 pm cavity laser
diode is illustrated in Fig. 3. The far field is well behaved with no significant beam steering or
broadening. The far field pattern of the 250 um cavity lasers is similarly well-behaved. The
temperature characteristics of the lasers are shown in Fig. 4.

In summary, we report low threshold visible single mode lasers with threshold currents as
low as 13 mA under room temperature cw operation. External differential efficiencies greater
than 80% are indicated by uncoated test data.
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IMPROVING PULSES FROM 2-CONTACT SELF-PULSATING
DFB SEMICONDUCTOR LASERS

A.J. Lowery, P.C.R Gurney
Photonics Research Laboratory, Department of Electrical and Electronic Engineering
The University of Melbourne, Parkville, VIC 3052, Australia

Abstract: We propose that short pulses from a self-pulsating DFB laser will be shortened and
stabilised by optical filtering and optical feedback. Simulations predict 60 ps pulses at 2.5 GHz
with a contrast ratio >10 dB. '

Introduction: Méhrle et al. [1] have measured multi-mode self-pulsations in 2-contact 1535-
nm DFB lasers when the contact current densities were unequal. The pulsations were at around 3
GHz, making them useful for clock pulses in Gbit/s optical transmission systems. Similar
pulsation have been observed by Phelan et al. [2] in three-contact lasers. Bandelow er al. (3]
have modelled self-pulsating in 2-contact lasers using a single-mode model.

In this paper, we show that the pulsations are a result of mode-hopping between an unstable
asymmetric mode [4] and a non-dominant symmetrical mode [4] using a detailed multi-mode laser
model [5). We have found that the rate of pulsation can be increased by increasing the current
inhomogeneity, which is an advantage over single-contact devices. Furthermore, the strongest
output pulsations will occur at the facet with the largest current density, unlike single-contact
devices where strong pulsations appear at one or other facet randomly. We show that three
improvements can be made to the device as a clock source. These are: (a) to antireflection (AR)
coat the laser facets to achieve short pulse generation over a wide operating range of currents; (b)
to filter the output pulsations in order to achieve shorter output pulses with an increased contrast
ratio; (c) to feed back a small proportion of the filtered output to the laser to reduce timing jitter.

Results: We simulated a 1550-nm uniform grating AR-coated DFB laser with a bulk active
region and a Bragg coupling of 4.0 using the transmission-line laser model (TLLM) [5]. The
front contact was driven at 60 mA and the rear contact at 45 mA. Strong pulsations (Fig.1a)
appeared at the front facet, and weak pulsations at the rear facet (Fig.1b). The repetition
frequency was 2.5 GHz and could be increased by increasing the contact current difference.

The method of pulse generation is similar to that in single-contact devices driven at high currents
[S]. Analysis (4] shows that a single-contact device can have an unstable asymmetric mode and a
stable but higher-threshold symmetrical mode, when biassed at high currents. Thus neither mode
is indefinitely stable, leading to self-pulsation [5]. In the 2-contact device the asymmetric mode is
favoured at lower total currents because of the unequal current injection densities. Our
simulations show that a high-power pulse will rapidly reduce any asymmetry in the carrier
density, and so is quickly quenched. The device will then lase in the symmetrical mode until an
asymmetric mode regrows due to the current density asymmetry.

Our simulations predict pulsations for a wide range of current combinations, unlike in the
uncoated device in [1]. However, if 1% facet reflectivities were used, the number of current
combinations causing self-pulsation decreased considerably. This could explain why the currents
for self-pulsation were so critical in [1], and shows that AR coating is desirable.

The optical spectrum from the front facet (Fig.2) shows a heavily chirped lower-frequency mode
and a narrower upper-frequency mode, as seen in [2]. The large chirping suggests that the lower
frequency mode is a train of very short pulses. Thus, the short pulses can be recovered by optical
band-pass filtering of the lower mode. The front facet output after a 25-GHz FWHM filter
(Fig.3) shows an improved contrast ratio, and pulse shortening to approx. 60 ps from 130 ps.

Because the low-frequency (asymmetric) mode grows from a low power, its timing will be
influenced by noise. Thus, injection locking should improve the timing jitter. Fig.4 shows the
RF spectra of the laser without feedback, and with feedback from the filtered output (0.01% with
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266 ps delay). The width of the spectral peaks is reduced by the feedback, suggesting a reduced
amplitude and/or timing jitter. Surprisingly, the repetition frequency is also reduced.

Conclusions: We show that 2-contact DFB lasers can be used as stable pulse sources and that
their characteristics can be improved by AR coating, filtering the output, and feeding back a small
proportion of the filtered output to the laser.

We acknowledge the support of the Australian Photonics Cooperative Research Centre.
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Temperature Dependent Efficiency and Modulation Characteristics of
Al-free 980 nm Laser Diodes

R. F. Nabiev, E.C. Vail, C.J. Chang-Hasnain

E.L. Ginzton Laboratory, Stanford University
Stanford, CA 94305-4085
Tel: (415)725-8426

Abstract: Temperature dependent efficiency and modulation characteristics of laser diodes of various design are
analyzed using self consistent carrier transport analysis including stimulated emission.

Introduction. InGaAs/InGaAsP/InGaP 980 nm lasers are promising for pumping optical fibers and as sources for ! acal
area networks. High temperature, high efficiency, and high modulation frequency operation are important for these
applications. The increase of threshold current in quantum well (QW) lasers at higher temperatures has been attributed
to the decrease of differential gain [1, 2], recombination in separate confinement heterostructure (SCH) regions (2}]; and
the decrease of differential efficiency to the leakage of carriers over barriers (visible lasers and 1.3 um InP based lasers)
[3.4) and absorption in the SCH region [2]. The processes of band filling [S] and carrier transport in SCH region (6, 7]
have been shown to be imponant for high speed operation. In this paper, we present for the first time, to our
knowledge, an analysis of temperature behavior of efficiency and modulation properties of 980 nm lasers of various
designs. The analysis and general conclusions should be applicable for lasers operating at other wavelengths.

Model. Carrier transport across SCH QW laser is governed by the continuity equations for electron (e) and hole (h)
currents and the Poisson equation for electrostatic potential. Self-consistent solution of these equations based on
Scharfetter-Gummel numerical scheme (8] results in distributions of carriers, electric field, and e- and k- currents in the
laser structure. Spontaneous recombination rate and optical gain in strained QW for different pumping levels are
calculated using 4x4 Hamiltonian for complex valence band structure [9]. Stimulated emission rate is included in the
continuity equations as well. Our calculations show that optical gain scales linearly with quasi-Fermi level separation.
We then obtained the laser modulation response using small signal analysis based on the above equations. Thus, the
effects the carrier transport and carrier filling in the SCH region are inherently incorporated. Carrier capture and
escaping processes are presently not included and will be incorporated at the time of presentation.

Results and discussion. Fig. 1 shows calculated band diagrams of lasers with SCH single QW (SQW), linearly graded
index (GRIN) SCH and SQW structures at high current injection (above lasing threshold). The SCH laser structures
include doped InGaP claddings (Eg=1.85 eV), quaternary SCH region of width W = 0.2 um (Eg=1.458 eV), and 8 nm
wide InGaAs QWs. The conduction band/valence band off-set ratio is chosen o be AE./AE, = 0.65/0.35. Because of
the high energy barrier seen by the minority carriers (see Fig. 1), their leakage currents are small even at 450 K (see Fig.
2). As the quasi-Fermi levels of electrons fe and holes ff, approach the corresponding bands of the SCH region, the
increased carrier density in SCH region causes increased absorption of light. In the SQW laser, free carrier absorption
in the SCH and QW regions has a strong temperature dependence (Fig. 3a) whereas GRINSCH structure demonstrates
much less absorption. We believe that this absorption is the main reason for the reduction of the differential efficiency
of SQW laser at high temperature (Fig. 3b).

The modulation response of SCH SQW laser is determined by diffusion in SCH region. Laser with a wider
SCH region (W=0.41um) has considerably narrower bandwidth (Fig. 4) which agrees well with experimental results
[10]. GRINSCH laser shows faster response which can be atiributed to the enhanced drift current component in SCH
region due to the residual built-in electric field [3). A SQW structure with highly doped SCH region (doping ends in
the QW) shows similarly fast response as the GRINSCH laser because carriers need to diffuse only over QW width.
But the free carrier loss is increased in this case. The SQW laser has even better modulation characteristics which is
caused by higher differential gain and less distance for holes to diffuse to the first QW from P-cladding. At high
temperatures, the modulation bandwidth is considerably reduced, mainly because of increased threshold gain and the
decrease of differential gain (Fig. 4).

In conclusion, the decrcase of the differential efficiency of 980 nm laser diodes with temperature is found to be caused
by an increased modal loss attributed to the free carrier absorption, while modulation characteristics are determined
mainly by drift-diffusion in SCH region. At high temperatures modulation bandwidth is reduced because of the
decrease in differential gain. GRIN SCH lasers show superior efficiency and modulation behavior at high temperatures.

105




References:

1. Y. Zou et al. [EEE J. of Quantum Electron. 29, 1565 (1993)

2. E.C. Vail et al. Paper FA2 in /negrated Photonics Research, 1994, pp. 168-170.
3. D.P. Bour et al. IEEE J. of Quantum Electron. 29, 1337 (1993)

4. DZ. Garbuzov et al. Sov. Phys. - Semiconductors, 28, 560 (1991)

S. B. Zhao et al. Appl. Phys. Leut. 62, 1200 (1993)
6. T.C. Wu ct al. Appl. Phys. Leit. 63, 441 (1993)

7. N. Tessler et al. IEEE J. of Quantum Electron. 29, 1586 (1993)
8. D. L. Scharfetter, H.K. Gummel. IEEE Trans. on Electron Dev., ED16, 64 (1969)
9. D. Ahn et al. J. Appl. Phys. 64, 4056 (1988). S. L. Chuang. Phys. Rev. B 43, 9649 (1991)

10. R. Nagarajan et al. Electron. Lett., 29, 1688 (1993)

L RAAAS ARASS AL

Al BASAS AA

LS BAASS RAAS

Energy (meV)

Energy (meV)

Energy (meV)

0 005 01 015 02 025 03 035 04

Distance (um)

Fig. 1. Band diagrams of SCH structures above lasing
threshold.

~ 10%
ﬂ! .‘
2 10
§

101
a
E 103
8 »

1 1.1 12 13
Voltags (V)

Fig. 2. Current-voltage characteristics of SCH SQW
structure at 300 and 450 K. The jumps in curves for

total current Jyo; correspond to lasing. Leakage
currents of minority carriers are Jep and JuN in P- and
N-type claddings, respectively.

Absorption (cm'')

12 ] 1 30
10 25
8 g 2
L}
6 E 15
4 & 10
g
-

2[--~"GRINSCH | s
o { 1 o
300 350 400 450

0 5 1015 20 25 30
Current (mA)
®)

Fig. 3. (a) Temperature dependence of the free carrier
absorption in SQW, GRINSCH and 5QW lasers. Cross
sections of absorption are 3.10-18 and 7.10-18 cm? for
e and h, respectively.

(b) Light-current (LI) characteristics of SCH SQW laser.
Laser area is 400x5 pm2. Mirror loss is 30 cm-1. Solid
and dashed lines show the LI curves without and with
inclusion of free carrier absorption.

Temperature (K)
@

LZNLJNN SR AND SN SN MEMSND un aE |

SQW GRINSCH

T

300 K

10

Modulation Response Modulation Response

To 2 4 6 8
Frequency (GHz)

12

Fig. 4. Modulation response characteristics for SQW,
GRINSCH and SQW lasers at 40 mW optical power at
300 and 450 K.

106




P13

Generation of High Repetition Frequency Subpicosecond Pulses
at 1.535 um by Passive Mode-Locking of InGaAsP/InP Laser Diode
with Saturable Absorber Regions Created by lon Implantation
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Abstract. We report obtaining optical pulses 0.64 ps wide at a 104 GHz repetition rate from a
passively mode-locked InGaAsP/InP laser diode. The laser emission spectrum corresponds to the
amplification band of erbium-doped fiber amplifiers.

In our experiments, we use commercial InGaAsP/InP lasers with a cavity length of about 400 pm.
The lasers are implanted into both facets by O3* ions with the energy of 17 MeV, comesponding to the
average penetration depth of 10 um. Such a technique was previously shown to form regions of fast
saturable absorber, necessary for mode locking [1]. Here, we investigate laser samples implanted with
different dosages. The optimal implantation dosage value is found to be ®=5x10'2 cm---. During the
first several hours of operation, we have observed a gradual increase in the average output power due
to partial annealing of the defects created by the ion implantation. During approximately 50 hours of
subsequent operation under cw pumping in the cource of measurements, no significant change in the
laser parameters is detected. The implantation is also found to cause a red shift of the lasing
wavelength of about 5-10 nm, so for our experiments samples initially lasing at 1.525-1.53 pm are
chosen.

Pure mode locking operation is shown to exist within a limited range of pumping current values
above the threshold. Near the threshold, the laser diode operates in a free-running cw regime (Fig.3A).
The transition to a mode locked regime is accompanied by the appearance of a modal chirp, caused by
self-phase-modulation in the gain region and increasing in value with the pumping current (Fig. 3B,C).
Self-starting of mode locking manifests itself also in a kink in the derivative dP/dI of the light-current
characieristic (Fig.1). Cooling the sample down enables one to cbserve another kink in this curve, at a
higher current value, corresponding to the transition to a combined mode-locking/Q-switching regime
(not shown in Fig.1). The results described here are in contradiction with some of the predictions of
the theory [2], which we believe to be due to the high optical density of the saturable absorber in our
case. It should be noted also that the lasing spectrum becomes visibly assymetric as mode locking
develops (Fig. 3D). This fact, along with the implantation-induced red shift of the emission wavelength,
can be explained by the absorbtion saturation being easier for longer wavelengths.

The autocorrelation profile of the pulse train is shown in Fig. 2. The repetition rate of 104 GHz and
the trace width of 1 ps for an individual pulse are measured. Assuming the pulse shape to be sech?, one
can calculate the pulse duration as 0.64 ps. The autocorrelation contrast is about 5 in the pumping
current range of 150-170 mA, indicating that the mode locking is not complete. The spectrum width is
6.2 nm, giving ATAv = 0.51. A considerable up-chirp in the instanataneous frequency of the emission
pulses is detected. The origin of this chirp may be strong group velocity dispersion in the (bulk) active
region of the samples, as well as fast gain nonlinearities, eg dypamic carrier heating effect. Further
compression of the pulses should be possible anyway in a medium with a properly choser dispersion.

Amplification of the signal from a passively mode-locked laser diode in a two-cascade erbium-doped
fiber amplifier produces 0.8 ps-long, apparently transform-limited optical pulses with a peak power of
about 3.5 W. The soliton propagation regime is demonstrated in an auxiliary 1.3 km piece of fiber.

[1} E.L.Portnoi, A.V.Chelnokov, Digest, 12th IEEE Semicond. Laser Conference, pp.140-1 (1990)
[2]). Paslaski, K.Y. Lau, Appl. Phys. Lett,, V. 59, No.1, pp. 7-9 (1991).
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P14 Dynamics of injection locking of mode locked semiconductor lasers

M. Margalit, M. Orenstein, G. Eisenstein and V. Mikhaelshvili
Department of Electrical Engineering
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Tel. 972-4-294696; Fax: 972-4-323041

Abstract

We report the first observation of synchronous injection locking of a mode locked
semiconductor laser. Locking ranges, both in the time and in the frequency domains, were
measured, as well as noise parameters. Experimental results were compared to a model, with
an emphasis on possible instabilities.

Summary

Injection locking of Continuos Wave (CW) semiconductor lasers was thoroughly
studied both as a mean of externally stabilizing (fixing) an optical lasing frequency[1] and as
a generic source for interesting nonlinear dynamics and instabilities in the optical regime{2].
On the other hand, mode locked lasers typify a unique class of infinite dimensional oscillators,
with the possibility of displaying their own wide range of dynamic behavior{3,4]. Past
research has noted the similarity between injection locking, mode locking, and phase locking
in semiconductor laser arrays[S,6]. However the dynamic behavior of an integrated scheme
comprised of a synchronous coherently injected input and a mode locked laser has not been
addressed yet. This integration is of possible practical implication in the field of fast
synchronization of optical clocks and optical signal regeneration and is of a basic interest
because of the rich variety of expected dynamic behavior

We model this scheme by employing a unification of models describing mode
locking{3] and injection locking[1]. The set of equations describing the dynamics of a
unidirectional coupling of two mode locked lasers was then solved numerically to track the
evolution of the pulse. When the coherent injected signal was turned on, the mode locked
operation of the slave semiconductor laser was enhanced (narrower pulse), and the laser
parameters were pulled towards those of the injected pulse. Above a critical coupling level,
instability and puise breaking were obtained (Figs. 1,2).

These effects were confirmed experimentally (Fig 3). An actively mode locked laser
was based on extended cavity InGaAs/GaAs quantum well diode laser, operating near 980nm.
A mode locked Ti/Sapphire laser served as the source for the low intensity injected signal.
The latter, coherently locked the operation of the mode locked diode laser (Fig. 4 and 5).
Possible incoherent interactions were ruled out by using proper wavelength and polarization
discrimination. Locking ranges of. 150 psec. in the time domain; I nm of optical frequency
and 2 KHz of modulation frequency were measured.

In summary, we present an analysis of the dynamic behavior of a mode locked
semiconductor laser with synchronous coherent pulse injection. Both model and experimental
results confirm, the significant effects on the operation of mode locked lasers while being
subjected to the locking interaction. The limitations on the temporal and frequency locking

range as well as the inherent instabilities at the high coupling regime will be discussed.
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High-Frequency Operation of SQW Diode Laser Modulated by Dual
Optical Confinement Factor and Pumping Current Density Control.

S.A.Gurevich, L E.Chebunina, M.S.Shatalov, G.E.Shtengel and V.B.Gorfinkel*

A.F.Ioffe Physical-Technical Institute of Russian Academy of Sciences,
26 Politechnicheskaya st., St. Petersburg, 194021, Russia
*University of Kassel, 73 Wilhelmshoher Allee, D-34121, Kassel, Germany

Abstract. We demonstrate high-frequency operation of AlGaAs/GaAs SCH SQW four-
terminal ridge-guide diode laser modulated by dual optical confinement factor and pumping
current control. 20 ps switching time was observed at 3 mW output power.

Recently, there has been considerable interest in dynamic behaviour of diode lasers
governed not by pumping current variations but rather by controlling the optical gain [1], photon
lifetime [2] and optical confinement factor [3]. The dual modulation schemes based on
simultaneous variations of these parameters in combination with pumping current were considered
as well [4]. These new modulation techniques were shown theoretically to afford considerable
expansion of laser modulation bandwidth when compared with that corresponding to conventional
direct modulation (DM). In this paper we report on high-speed operation of a diode laser
modulated by dual governing of optical confinement factor and pumping current density.

The laser structure studied is shown in Fig.1. This is AlGaAs/GaAs SCH SQW four-
terminal ridge-guide laser with two electrodes for pumping (ridge top and substrate) and two side
contacts for modulation by high-frequency signal. The 6-um ridge was defined by dry-etching of
two parallel grooves, each 4 um in width, with further dielectric coating and contact metallization.

Fig.2 shows the lateral near field distributions obtained in steady-state conditions when the
laser was pumped below the threshold by 30 mA current and potentials of various amplitude and
polarity were applied between the side contacts and central ridge electrode. As indicated in Fig.2,
forward or reverse bias at the side contacts results in considerable lateral redistribution of carrier
density which is associated with the corresponding redistribution of the pumping current flow in
the laser structure. Above the threshold, side contact potentials initiate the same carrier and
current redistribution while the lateral optical mode shape is fixed by the ridge geometry. Under
this condition, the modulating signal governs simultaneously the overlap of lateral optical mode
with the carrier (gain) distribution as well as the pumping current density in the area of the mode.

The small signal analysis of this dual optical confinement factor (I') and pumping current
density (J) modulation yields the frequency dependence of laser output response which is quite
different from that commonly obtained for DM. Fig.3 shows two modulation responses calculated
with the parameters characteristics for the described ridge-guide laser structure, the output
power being 20 mW. The important feature is that at high frequencies (f) I'&J response drops as
-1 while DM response is proportional to f-2. Owing to this the 3 dB modulation bandwidth is
about 70 GHz for I'&J modulation and 10 GHz for DM.

In high-frequency experiment the laser was driven to about 3 mW output power and short
electrical puises with the amplitude of -2 V and 20 ps rise time were applied to the side contacts,
resulting in reduction of the laser output power (see Fig.2). Fig.4 displays the temporal
dependence of the laser output showing 20 ps switching time at the forward front. For
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comparison, the period of relaxation oscillations in which the laser is involved after the end of
modulating pulse is about 300 ps.

In conclusion, novel I'&J modulation scheme was realized in four-terminal ridge-guide
diode laser. Very short, 20 ps, switching time of laser emission observed at fairly low, 3 mW,
output power proofs the possibility of very high-speed laser operation under I'&J modulation.
Further optimization of the laser structure and reduction of parasitics should result in practical
laser capable for operation in picosecond time scale.

References.
1. V.B.Gorfinkel, et al., Int.}.of Infrared & MM Waves, 12, n.6, p.649, (1991).
2. E. A Avrutin et al., Appl.Phys.Lett., 63, n.18, p. 2460, (1993).
3. V.B.Gorfinkel et al., Proc.of 20th Int. Symposium on GaAs and Related Compounds, Freiburg

1993, to be published.
4. V.B.Gorfinkel et al., Proc. of 1993 Int. Semiconductor Device Research Symposnum (ISDRS),

Charlottesville, Virginia, USA, Dec.1-3, 1993, p.723.

side pumping side lpump=30mA
contact 1 contact contact 2 ~—
=
wave-— | l l G
guide NS N
+ QW‘ n—AlGaAs %
p-n 6
junction p-AlGaAs €
R
p — GaAs substrate
I . -80 -40 -20 40 60
dlsicmce (p.m)
Fig.1. Schematic cross-section of the laser Fig.2. Near field patterns, recorded with
diode. . various voltages at the side contacts.
g “ P=20 mW ‘
[+2] - m {
2 dual I'&J) modulation {the end
® 20 — — — direct modulation -~
[~ ] p= |
: *
o o
Q. A4
N £M
N c
P BN £
£ -2 Seo = the start
Qo L - o
E ~~o
o-“. L A J r'l"l["ﬁT"l"'ﬁIf::""ITT'TVT' LA RALARAARA AREALE] |AAARAARALA ARBALLA LLARABRARAABAS
20 40 ) 80 1000 1200 1400 1600 1800 2000
frequency (GHz) time (ps)
Fig.3. Calculated modulation responses. Fig.4. Streak-camera trace of the laser

output. The start and the end of modulating
pulse are indicated.

12




P16
Muliti-Longitudinal-Mode Two-Dimensional Analysis of

Self-Sustained Pulsating Laser Diodes
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Abstract- The structural dependence of self-sustained pulsation in AlGaAs laser diodes is
quantitatively analyzed for the first time, with the incorporation of the two-dimensional
distribution of carriers and photons into the multi-longitudinal-mode rate equations.

Self-sustained pulsation (SSP) in laser diodes is an important phenomenon that is utilized to
reduce the feedback noise due to reflected light in optical disk systems[1]. .

Since the lasing spectrum under SSP operation involves multiple longitudinal modes[2], it is
important to employ a precise gain function for each mode, which has a great effect on transient
behavior. Although many theoretical investigations on SSP have been reported, all of them
assumed a single longitudinal mode and a simplified linear gain model[3]. Moreover, the time
evolution of the optical field has often been ignored for simplicity. These simplifications have made
difficult a quantitative simulation for a given device structure and an operating condition.

We have incorporated the two-dimensional distribution of both carriers and photons into the
multi-longitudinal-mode rate equations, using a precise gain function for each mode. With this
simulator, we have successfully analyzed the structural dependence of SSP in a quantitative
manner for the first time. The calculation was carried out for narrow-stripe, self-aligned AlGaAs
laser diodes, and the simulated results are verified experimentally in terms of the pulsation
frequency and optical spectra as well as /L-characteristics and far field patterns.

One of the important results about the mechanism for SSP is that the oscillation of the
optical field width during the pulsation enhances the saturable absorbing effect of the active layer.
It is found that this process is the driving force of SSP.

In a conventional laser structure whose current blocking layer is composed of GaAs, there is
a trade-off between SSP and low threshold current[3]. Our numerical analysis clearly showed that
this problem can be eliminated by replacing the blocking layer with an AlGaAs layer. This
structure was found to be very suitable for SSP lasers with low threshold current enabling the
current width and the optical width to be controlled separately.

The principles behind the simulation and the approaches to design the SSP lasers will be
discussed in detail along with experimental results.

[1] S.Matsui et al., Appl. Phys. Lett., 43, p.219, 1983
{2] S.Yamashita et al., IEEE J. Quantum Electron., 25(6), p.1483, 1989
[3] M.Yamada, IEEE J. Quantum Electron., 29(5), p.1330, 1993
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Modelocking of Low Threshold VCSEL with Pigtailed

Fiber Resonator
U. Fiedler, E. Zeeb, K. Panzlaff, C. Jung, K.J. Ebeling
University of Ulm, Dept. of Optoelectronics, Albert-Einstein-Allee 45,
89081 Ulm, Germany

Abstract. We have generated 24 ps pulses using a modelocked VCSEL with a fiber optic
resonator. CW threshold current of the modelocking configuration is as low as 1.8 mA. The
timing jitter of the pulses remains below [ ps.

Optical and electrical gain switching experiments (1] show the potential of vertical cavity
surface emitting laser dicdes (VCSEL) for short pulse generation but impose a relatively
large jitter on the pulses [2]. We use sinusoidal modulated VCSEL to demonstrate a new
technique of modelocking in the compound system of a short cavity cw-lasing VCSEL and
an fiber optic external resonator and show that the coupled resonator oscillates on quasi
equidistant modes even though the reflectivity of the inner mirror exceeds 98%.

Fig. 1 shows the resonator system. The amplitude reflection coefficients of the top and
bottom Bragg reflector are 99.75% and 99.25%, respectively. Due to the VCSEL-fiber
coupling efficiency of 90% pigtailing the 12 um active diameter VCSEL to a gold coated
(rgo1a=93%) 4.5 pm core diameter fiber end reduces the threshold current to 1.8 mA (Fig. 2).
The phase condition to determine the modes of a two-resonator system is derived in [3] and
can be seen as the intersection points of the functions given in Fig. 3. The very short cavity
length of the VCSEL yields a linear function ®; that is about 200 times smaller than for
edge emitting laser diodes. Hence, ®, intersects the arctan-function in the vicinity of its
zeros. This leads to quasi equidistant modes. Point A is physically meaningless because it
denotes ®; = 7. Fig. 4 illustrates the calculated frequency deviation from equidistant modes
and the corresponding threshold gain. For lower reflectivities r, the equidistant spectrum
broadens but the trade off is an increased threshold gain. Modelocked pulses depicted in
Fig. 5 are achieved by prebiasing the laser at 3 mA and superimposing a sinusoidal signal of
25 dBm at f,=821 MHz, the inverse roundtrip time of the fiber optic resonator. The pulses
have a FWHM of 24 ps, a spectral width of 35 GHz and yield a time bandwidth product of
0.84. Jitter measurement is performed by recording the RF spectrum at the 10th harmonic
[4] shown in Fig. 6. Integration over the noise band leads to a jitter of 0.95 ps.

We have shown that the high top surface VCSEL to single-mode fiber coupling efficiency
offers the use of an external fiber resonator for modelocking. This technique avoids the use
of gratings for frequency filtering, eases mechanical stability problems and allows compact
hybrid integration of amplifier and external cavity sections. The short VCSEL cavity length
gives the opportunity of using a two-resonator system as modelocking source with quasi
equidistant modes and timing jitter below 1 ps. No longer the inner reflectivity of the
coupled cavities needs to approach zero to generate short pulses.
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Fig. 1:

Modelocking configuration
consisting of VCSEL with a pigtailed gold
coated (rgola=93%) 4.5 um fiber.
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Abstract: The results of a model of differential transmission measurements in waveguide
saturable absorbers indicate that high field effects, spectral hole burning and carrier heating are
important mechanisms governing absorption dynamics.

Semiconductor saturable absorbers are used in many types of mode-locked lasers, including
semiconductor, fiber, Ti:sapphire, color center and dye lasers. It is commonly believed that as an
optical pulse passes through the absorber, it quickly saturates and then recovers monotonically
with a lifetime of ~1 ns. In fact, in reverse-biased absorbers the recovery of the saturable material
is much more complicated, and typically has femtosecond transients followed by changes on a
time scale of several picoseconds[1]. In this paper, we explain this time dependence of absorption
for a waveguide saturable absorber that is used for mode locked semiconductor lasers. We
describe a model which includes spectral hole burning (SHB), as well as carrier heating (CH) due
to the electric field (EFH), two photon absorption (TPA) and free carrier absorption (FCA).

In pump-probe experiments, a large pump pulse is coupled into the saturable absorber. The
transmission of a weak probe pulse is measured as a function of the delay between the two
pulses. Figure 1 shows differential transmission data for a bulk GaAs/GaAlAs p-i-n waveguide
saturable absorber with different pump energies[1]. The pump pulse generates carriers and
changes their energy distribution and temperature. The large electric field (from the built-in
potential and applied bias) leads to drift current as well as heating of the carriers, which also affect
the carrier distributions.

Our model is based on the density matrix approach (after refs. [2-4]). We consider the
absorption coefficient a as a function of the carrier density N, the electron and hole temperatures
Te and Th, and the photon density S, i.e. a = ap(N,Te,Th,S). The dependence of aon S is a
result of SHB. The dynamics of N, Te and Th under the action of the optical pump pulse S(z.t)
are described by the rate equations for carrier density, N, and electron and hole energy densities,
Ue(N,Te) and Un(N,Th). The pump pulse changes N through single photon absorption (SPA)
and TPA[4]. Carrier removal from the i-region via thermionic emission and tunneling across the
heterojunction also affect N. Ue and Un vary due to FCA, SPA, TPA and heating of the carriers
by the electric field, as well as by relaxation of carriers to the lattice temperature. It should be
noted that heating by the field must be taken into account in this case, since the fields are very
high in reverse biased absorbers. This is in contrast to models of gain dynamics in
amplifiers[3,4], where under forward bias the effect of heating by the field is negligible.

The drift of the photogenerated carriers across the absorbing i-region also leads to screening
of the electric field. Carriers accumulate at the heterojunction barriers and create a space charge
field which eventually cancels the built-in and applied potential. We model the field screening by
considering that the charge accumulated near the barriers is proportional to the drift current, which
is in turn given by the field. Thus our model includes equations for carrier density and
temperature, and for electric field in the absorbing region. These 'material' equations are
supplemented with propagation equations for the pump S(z,t) and probe p(z,t) pulses(3,4].

Figure 2 shows the calculated effect of SHB and CH on the transmission through the
waveguide structure used in [1]. The pump pulse energy is 5 pJ, with a pulse width of 150 fs.
The relaxation times of Te and Th are 0.65 ps and 0.2 ps, and the intraband relaxation times are
50 fs. The dotted curve is the response with no CH or SHB, just simple absorption saturation and
recovery with an assumed carrier removal time of 10 ps. The dashed curve includes SHB, along
with carrier cooling due to the generation of cold carriers by the pump via single photon
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absorption. The inclusion of TPA, FCA and electric field effects in the calculation results in the
solid curve, which exhibits features similar to that seen in the experimental data. The ultrafast
transient is due primarily to SHB, and the rapid fall time comes from heating by TPA, FCA and
EFH. Subsequent cooling leads to the delayed, slowly rising second peak. Figure 3 shows the
calculated response, including all the above mechanisms, at three different pump pulse energies.
The behavior of the curves is in accordance with the experimental data in Fig.1, and is explained
by the increase in CH and SHB effects with increasing pulse energy.

In conclusion, we have presented a model to explain the features in the absorption recovery
of reverse-biased waveguide saturable absorbers. The results of the model indicate that carrier
heating due to high electric fields and two-photon and free-carrier absorption, along with spectral
hole burning, may be responsible for the observed dynamics. We will present the details of the
calculation, including the implementation of SHB, FCA, TPA and EFH, as well as other
mechanisms such as field screening and intervalley scattering. We will discuss the agreement
between our model and experimental results, the important differences between bulk and quantum
well absorbers, and the implications for pulse shaping in modelocked semiconductor lasers.
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Figure 1: Experimental differential transmission data
at three different pump powers in a bulk GaAs
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Abstract: The speed of all-optical switching using
injection locked lasers is analyzed. A model describing
two-section lasers is developed yielding a speed above
20 Gb/s. The function of a decision unit is experi-
mentally demonstrated at 10 Gb/s.

Background: Ultrafast operation is a crucial prerequi-
site for the use of all-optical functional elements in
optical signal processing. A high operation speed can
be achieved taking advantage of the short gain reco-
very time at high photon densities in semiconductor
optical amplifiers. Using this approach wavelength
conversion at 10 and 20 Gb/s (NRZ-coded, correspon-
ding to 5 and 10 Gb/s RZ-coded) has been reported
(1,2). However the attainable extinction ratio is rela-
tively poor.

Our approach combines the short gain recovery time
at high photon densities with the strong nonlinearity

of injection locking (IL). Thus we are able to perform
even regenerative switching at high data rates (3,4).

Principle of operation: If an optical signal (probe
signal) is injected into a Fabry-Perot (FP) laser with a
wavelength X, only slighty different from a FP mode,
its gain depends strongly on the detuning. Fig.1 shows
the measured dependence of the output power on the
detuning for different values of input power. For high
input powers a jump in the output exists. The cor-
responding critical detuning AA i separates the IL
region with high output powers from the unlocked
region with small values. A small change of the probe
detuning around AX s leads to a nearly digital jump
in the gain of the probe signal. This behaviour can be
well explained by the IL model of Lang (5).

For all-optical switching we inject the probe signal
with a detuning slightly larger than A\ j;,, and a se-
cond optical signal (the control signal) at a wave-
length A, which has a small positive detuning with
respect to another FP mode (Fig. 2). The incoming
control signal lowers the carrier density rapidly due to
injection-locked stimulated emission. Due to the coup-
ling between the carrier density and the refractive in-
dex the probe detuning is shifted below A\ 5, and
the output at the probe wavelength switches digitally
from its low-level to the high-level.

1 ization: In order to verify the high
speed capability of this mechanism a 10 Gb/s RZ
PRBS data signal at A =1564nm (P=2mW) is injected
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into a two-section 1.55um ridge waveguide FP laser
(6) driven by DC currents I{ and I,. The probe is
formed by a clock signal adjusted to Ap=1533nm with
a power of 0.8mW. The laser output is filtered by an
optical bandpass centered at A,. Then the output bit
pattern at X, is a retimed and reshaped replica of the
input pattern at A.. Compared to the input eye pattern
(Fig. 3a) the eye at the output (Fig. 3b) shows an in-
creased opening and a reduction of jitter and noise
(extinction ratic: 8 dB). Pulse shaping and retiming
have been achieved with an input jitter of up to 60%
of the bit duration.

Modelling: The speed potential of this kind of all-
optical switching is mainly determined by the dyna-
mics of the mode shift. The response of the shift to an
injected data signal has been modelled by a numerical
integration of rate equations. For this purpose the
IL-model of Lang (5) has been extended to include

o two sections
e two injected wavelengths

Parameters describing the experimental device are
used. Under optimized current conditions the shift of
the mode spectrum and the connected probe detuning
follow the injected 20 Gb/s RZ data signal as shown
in Fig. 4 (left and center). The dashed line marks the
critical detuning A\ 4. A clock pulse arriving at the
laser experiences either high gain (corresponding to a
logical “1° at the output) or low gain (logical "07)
depending on the momentary detuning (below or
above AX p;¢). AXpj¢ depends on the clock wavelength
and intensity (Fig.1). As shown in Fig.4 it can be set
to give an error-free decision between ‘0° and “1° bits
at a data rate of 20 Gb/s.

Discussion: Three effects contribute to the high
attainable data rates: 1) a high stimulated emission
rate leads to the rapid decrease of the probe detuning
at the onset of a control pulse; 2.) a fast recovery is
achieved after the end of a control pulse; 3.) digital
switching is attained with only small changes in car-
rier density. The first is caused by the high resonant
gain for the control signal due to IL. The second is
attained by the use of two-section lasers: section 2
does not take part in the light induced dynamic pro-
cesses, because it is operated near transparency. How-
ever it increases the laser threshold. Thus high carrier
densities in section 1 can be used for which the gain




recovery time is small. The third effect is caused by
the strong nonlinearity of IL (Fig.1): even a small
modulation of the carrier density is sufficient to attain
a high contrast.

Conclusion: A model describing all-optical switching
in injection-locked two-section lasers is developed. It
shows that the strong nonlinearity of injection
locking in combination with short recovery times
leads to a high speed potential. For a specific device a
speed limit of 20 Gb/s is calculated. Even higher data
rates are expected if the heterostructure and the device
geometry are optimized. Regenerative switching at
10Gb/s is experimentally verified. The described
mechanism can also be used for other high speed all-
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optical functions, such as wavelength conversion or
demultiplexing.

Acknowledgement: This work is supported by Deut-
sche Bundespost Telekom.

References:

(1) JM. Wiesenfeld et al.,, IEEE Photonics Technol.
Lett. vol.5, no.11, pp. 1300, 1993

(2) B. Mikkelsen et al., BCOC 1993, paper ThP12.6,
Montreux, Switzerland, 1993

(3) K. Weich et al., Electron. Lett., (in press)

(4) ---, OFC 1994, paper WBS, San Jose, USA

(5) R. Lang, IEEE ]J. Quantum Electron., QE-18,
no.6, pp- 976, 1982

(6) J. Horer et al., IEBE Photonics Technol. Lett.,
vol.5, no.11, pp. 1273, 1993

>

© wo-section lager fiter

IR W T W
L
ta

R
A

Eg,_z_ a) Schematic view of the setup consisting of a two-
section laser and an optical bandpass; b) Position of the
signal wavelengths relative to the FP modes.

input data probe detuning clock o
ath, induced by input data at d
! "=
! A 3| | 9]
1 S 2 1
1 S— S| a0
‘1) R = 0.
: i = (1)1
3 ’ —t c— '
< i — 1
8 — — 1 i
1 NS P 0.
! = .
S = o}
: | 1
0 o
i g:
| L7

high "
Yo o
Mlerit

Fig. 4: Modelling results indicating error-free decision at 20
Gb/s. Left: injected 20 Gb/s data stream. Center: response of the
detuning. The dashed line marks the critical detuning. Depending
on the momentary detuning (probed by the clock) either a “1° or a
“0” appears at the output (right).




Aluminum-free InGaAs/GaAs/InGaP Strained-Quantum-Well Lasers
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Abstract Aluminum-free InGaAs/GaAs/InGaP strained quantum well laser with high
characteristic temperature of 170 K is reported. The as-cleaved lasers with InGaAsP transition
layers show internal quantum efficiency of 87 % and internal waveguide loss uf 6.33 cm-1.

Pumping laser of 980 nm has attracted intensive studies due to the importance of
erbium-doped fiber amplifiers (EDFAs) in the optical fiber communication. The development
of InGaAs/GaAs/AlGaAs strained quantum well separate-confinement-hetero-structure (SQW-
SCH) lasers has been accelerated in the past few years. However, the facet oxidation of
AlGaAs causes performance degradation and affects its long term reliability [1]. With the
inherent advantages of multi-step regrowth, selective chemical fabrication process, and low
surface recombination velocity at interface[2], the aluminum-free In, ,,Ga, 5,P (InGaP) system
is considered to replace AlGaAs system for the design and fabrication of high quality and
reliable pumping laser{2-5].

Oval defects are usually found in the growth of InGaP layer on (100) GaAs substrate
by organometallic vapor phase epitaxy (OMVPE). By growing InGaP epilayer on mis-
oriented (100) GaAs substrate or by adopting an InGaAsP transition layer on the exact (100)
GaAs substrate prior to the growth of InGaP layer, we can reduce oval defects significantly.

Two laser structures are grown on n-type (100) GaAs (structure A) and n-type (100)4°
GaAs (structure B), as shown in Fig. 1, respectively. The active region consists of three
quantum wells with 6 nm strained In,,Ga;sAs well and 20 nm GaAs barrier. The active
region and separate-confinement heterostructure (SCH) are cladded by InGaP layers. The SCH
of structure A comprises GaAs and In0.22Ga0.78A50.56P0.44 (with conduction band almost
located- at the middle position between GaAs and InGaP). 5 um wide ridge-waveguide lasers
are formed with cavity length of 500 - 1200 um.

Fig. 2 shows the continuous wave light-current characteristics of p-side up as-cleaved
750 pm-long lasers without a..y thermal roll-off. The threshold current and the slope efficiency
are 20 mA and 0.42 mW/mA for structure A, and 23 mA and 0.37 mW/mA for structure B,
respectively. Relationships of the inverse differential quantum efficiencies as a function of
cavity length are shown in Fig. 3. The internal quantum efficiency and the internal waveguide
loss are 87 % and 6.33 cm! for structure A, and 77 % and 10.6 cm-! for structure B. The
characteristic temperature, derived from the threshold current in various operating
temperatures (shown in Fig. 4), is about 170 K and 162 K for lasers in structure A and B,
respectively.

In summary, an aluminum-free InGaAs/GaAs/InGaP strained quantum weli laser with
InGaAsP transition layers grown on exact (100) oriented GaAs substrate has been successfully
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grown. The internal quantum efficiency of 87 %, internal waveguide loss of 6.33 cm’}, and
characteristic temperature of 170 K in as-cleaved lasers have been demonstrated. Incorporating
tiie InGaAsP transition layers in the device structure can eliminate the oval defects, improve

the epilayer interface quality, prevent the cavity mis-alignment, and provide flexible design of
laser waveguide and confinement factor.

T. Yuasa, et al, Appl. Phys. Lert., 32, 119-121, 1978.

J. M. Olson, et al, Appl. Phys. Lert., 55, 1208-1211, 1989.
. J. M. Kuo, et al, Appl. Phys. Lett., 59, 2781-2783, 1991.
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GalnP-Crossed-Coupled-Cavity-Laser (XCCL) for Investigation of
Strain Effects and GalnP Superlattice Ordering
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An anisotropy of GaInP lasers with CuPt-gpe superlattice was observed
in polarization of laser emission. This effect can be understood with
direction dependent transition matrix elements. A XCCL device is used
for testing anisotropic properties.

GalnP is well known to form a CuPty type superlattice with the grou% I atoms
ordered in different {111} planes under certain growth conditions. Polarization
dependent photoluminescence have revealed that ordering affects the conduction to
valence band transition matrix element [1,2]. Furthermore an anisotropy for
threshold current densities and lasing wavelengths for {011] and [011] striped-
GalnP lasers have been found [3,4].
We present experimental data and theoretical calculations which show that this
anisotropy can be observed in the polarization of laser emission. The measured
properties are well explained by a model that includes strain, ordering and band
mixing effects [5]. As a possible application of this anisotropy a XCCL for
wavelength conversion is presented.
Strained quantum well laser structures have been grown using LP-MOVPE on two
types of misoriented (100) substrates: gi) Type A, which is expected to show only
a small degree of ordering and (ii) Type B, which is eggcted to be strongly
ordered. The layer sequence is described elsewhere [6]. The Ga-content in
active reﬁi,on varied from x=0.42 to x=0.56. l6§|m wide stripe-geometry lasers and
XCCLs both with cavity orientation along [011] and [011] were fabricated from
each sample using standard techniques. . .
Laser emission from standard devices on B substrates with cavity orientation
along [011] and from devices on type A substrates show TE_or TM polarization,
expected for conventional slab waveguide. By contrast, type B lasers with cavity
orientation along {011] emit light with strain-dependent polarization direction
tilted towards the plane of ordering (see Figure 1, Figure 2). _
Theoretical calculations, which presume ordering along the [111] direction, show
the angular dependence of the normalized transition matrix elements for emission
with Propagation in a) the [011] and b) the [011] direction for partially ordered
(see Figure 3). For the [011] direction it can be seen in all three cases
that the matrix element is maximised for polarization directions at an angle to
the principal [100] axis. With applied compressive (tensile) strain the magnitude
of matrix elements decreases gmreases) and the lobes are turned towards the
[OTIA ((100]) direction. Since no cavity length dependence of the polarization
could be observed, we conclude that the polarization angle represents the matrix
element in the crystal. For the propagation in {011] direction the maximum matrix
element is oriented along the principal axis as expected for the conventional
slab waveguide polarization.
As a possible application of the anisolroi){ of GalnP we fabricated XCCLs with two
intersecting cavities oriented along {011] and [011]. One of the cavities is a
conventional stripe laser with a stripe width of Sum (laser I). The crossed
cavity is oriented perpendicular to the first with a stripe width of 64um
(increased for coupling purpose) (see Figure 4). Fi 5 shows the
characteristics of the two lasers operated independently. When w?emed
simultaneously, and laser I is above threshold, its output power is reduced when
laser II starts lasing, since the carrier density in the intersection is reduced.
The two crossed cavities serve as a wavelength as well _as a polarization
converter with two physically sepamzt:d optical outputs. Further application
1




could be the introduction of a semitransparent beam splitter at the cavity
crossing point which would enable enhanced polarization dependent beam splitting
for pumes of demultiplexing.

More will be presented at the conference.
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Low-Threshold Strained-Layer Quantum-Well 630-nm AlGalnP LDs and
Relative Intensity of Strain-Induced Polarization Mode

T. Tanaka, H. Yanagisawa, S. Kawanaka, and S.Minagawa
Central Research Laboratory, Hitachi Ltd., Kokubunji, Tokyo 185, Japan

Low-threshold CW operation of 630-nm AlGalnP LDs with compressive- or tensile-strained
quantum-well structures is investigated. In addition, the correlation between the threshold
current and polarization-mode intensity is discussed in terms of strain effects and injected carrier
density.

Strained-layer quantum-well (QW) structures have been studied intensively to attain the high
performance in semiconductor lasers. Strain-induced reduction of the in-plane hole effective
mass and density of states results from energy dispersion and separation of the valence subband
structure, which are affected by strain and QW width. Optimizing a design combining strain
and quantum confinement effects is indispensabie for short-wavelength AlGalnP LDs to attain
low-threshold high-temperature operation. Introducing either compressive or tensile strain into
GalnP QWs has been evaluated as a way to achieve a low threshold current Ith in 633-nm
AlGalnP LDs!. Consequently, the minimum Ih values have been shown to be around $0.5%
for both kinds of strain. However, it's possible to further reduce Ith in more detailed strained-
layer QW structures by adjusting the number and width of QWs, as well as the optical confine-
ment factor I'.

Requiring optimum use of the quantum confinement effect leads to narrower QWs for
compressive strain and wider QWs for tensile strain. We have investigated the dependence of
Ith under CW operation at 20°C on both strains in several kinds of QW structures, keeping
approximately the same I' and allowing the oscillation wavelength to range from 630 to 635 nm,
as shown in Fig. 1. Quaternary QWs containing Al are applied in the presence of compressive
strain to avoid a small carrier confinement and nonuniform carrier injection in a large number of
narrower ternary QWs. Tensile-strained ternary QWs with large carrier confinement and
uniform injection can be designed, while compressive-strained QWs exhibited these character-
istics are not as easy to design. As a result, an Ith less than half that of unstrained QW LDs was
achieved when a larger tensile strain was introduced into a QW thinner than the crmcal layer
thickness2. The lowest Ith of 27.7 mA was attained in a SQW LD with Aa/a =-1.1%3. A low
threshold carrier density ngh, due to strain effects lowers the quasi-Fermi level, and thus the
larger heterobarrier suppresses carrier overflow and brings about high-temperature operation.

The separation of valence subbands due to strain intensifies the polarization mode, in addtion
to reducing nth. We examined the correlation between It and the relative intensity p = [Irg-
Frml/(Ig+ITMm) of the polarization mode in various QW structures. The results for p at VIth =
0.9 as seen in Fig. 2, corresponding to the tendency of Ith relative to strain, suggest that the
separation of valence subbands results in a low Ith. As Ith gets higher, even under a larger
compressive strain, the separation seems to decrease due to the large injected carrier density and
the rise in the quasi-Fermi level.

To control the p in both strains, we evaluated the p value relative to various device
parameters, such as cavity length, which can vary the carrier density. Figures 3 and 4 show the
dependence of p on the cavity length for both strains. Under compressive strain, the p
increases with lengthening the cavity, which decreases the carrier density and lowers the quasi-
Fermi level. This results in a large separation of valence subbands and reductions in ng,. Note
that the p decreases with increasing the cavity length under tensile strain, although a large tensile
strain is dominant for the large p of TM polarization. The p becomes small even when the
carrier density is lowered by lengthening the cavity, and thus subband separation seems to be
reduced. The injection carrier distribution is regarded as being different in tensile and
compressive strain cases. This paper will also discuss the distribution of injected holes among

the valence subbands with the strain-induced energy dispersion.
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2.5Gb/s parallel transmission without excess bit error rate
in a 1.3 m strained MQW LD array for optical interconnection

K.Matsumoto, Y.Miyazaki, E.Ishimura, H.Nishiguchi, T.Shiba, K.Goto, A.Takemoto,
E.Omura, M.Aiga, and M.Otsubo
Optoelectric & Microwave Devices Laboratory, Mitsubishi Electric Corporation

4-1, Mizuhara, Itami City, Hyogo 664, Japan FAX:+81-727-80-2696

[Abstract) 2.5Gb/s parallel transmission has been successfully demonstrated using a 1.3 4 m
strained MQW 10-element LD array. It is shown that the electrical crosstalk between
neighboring LD's should be suppressed less than -20dB at 2.5GHz.

Recently, the optical parallel data transmission between electrical instruments is a focus
of attention. In order to realize the optical interconnection, the monolithic laser array is a key
device. One of the most critical characteristics required in the LD arrays is the least electrical
crosstalk between the element LD's in an array to obtain high bit rate (several Gb/s) parallel
operation. So far, a bit error rate in the parallel transmission using LD array has not been
investigated yet, to the best of our knowledge. In this paper, the effect of the electrical crosstalk
on 2.5Gb/s parallel transmission is closely examined. It is shown that the electrical crosstalk
between neighboring LD's should be suppressed less than -20dB at 2.5GHz.

A schematic structure of the 10-element LD array is shown in Fig.1. The array consists
of ten 1.3 x m FSBH(Facet-Selective growth Buried-Heterostructure) Fabry-Perot lasers[1].
The separation of the the active region in each element is set to be 250 « m corresponding the
250 » m spacing ribbon fibers. The cavity length is 200 2« m and the LD facets are 60%/90%
coated. First, an electrical crosstalk between the neighboring elements was measured as
follows; two neighboring lasers(LD1 and LD2) were dc-biased and LD1 was superimposed
with a small rf signal. Two light output powers were coupled to separate fibers, respectively.
An 1f signal(P1) from LD1 indicates the frequency response of LD1 and that(P2) from LD2
means the electrical crosstalk. The crosstalk can be defined as 20log(P1/P2). The frequency
response of the signal from LD1 and LD2 up to 10GHz are shown in Fig.2. The electrical
crosstalk at 2.5GHz was -20dB. To evaluate the effect of the electrical crosstalk on 2.5Gb/s bit
error rate characteristics, we made up the condition that the electrical crosstalk was intentionally
degraded. The condition was realized as follows; the common electrode of LD array is
connected electrically to the earth conductor by a Au wire to increase inductance (shown in
Fig.3). The electrical crosstalk at 2.5GHz was degraded to -13dB by this scheme. Next, we
investigated 2.5Gb/s bit error rate(BER) characteristics. 1.D1 and LD2 are biased at 0.6Ith (Ith
is the threshold current, 2.5mA), and driven by NRZ, PRBS 2”-1 patterns. Fig.4 shows the
BER performance under back-to-back condition. No degradation is observed under the various
conditions described in the figure, and BER below 10™ is confirmed. But, in case of the
condition that the electrical crosstalk was set to -13dB, serious degradation of BER
characteristics is observed. As can be seen, the electrical crosstalk of -20dB in our design is
low enough to obtain the 2.5Gb/s parallel transmission.

In conclusion, 2.5Gb/s parallel transmission has been successfully demonstrated using
a 1.3 x m strained MQW LD array. It is shown that the electrical crosstalk between neighboring
LD's should be suppressed less than -20dB at 2.5GHz. This array is suitable for light source of
high-speed optical parallel data transmission systems.

[References] [1]Y.Ohkura et al.,Electron. Lett., vol.89, No.19, pp.1844-1845,(1992)
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Low Threshold Current 780 nm InAlGaAs/AlGaAs Strained QW Lasers and the
Integration with a Passive, Non-absorbing Tapered Mode-size Transformer

G. Vermeire, F. Vermaerke, R. Baets, P. Van Daele and P. Demeester

Department of Information Technology, University of Gent -IMEC
Sint-Pietersnieuwstraat 41 B9000 Gent, Belgium

Abstract
InAlGaAs/AlGaAs QW lasers operating at 780 nm have been realised with threshold
currents down to 8.2 mA. The monolithic integration with a passive, non-absorbing
mode-size transformer has been demonstrated for the first time.

The impact of strain on the characteristics of III/V semiconductor laser diodes has already
been demonstrated several times. InAlGaAs has been introduced since 1991 as a new quaternary
compound to realise strained QW lasers on GaAs substrates for a wavelength range between 750 and
900 nm [1]. This wavelength domain related to GaAs/AlGaAs lasers offers several applications such
as solid-state pumping, CD-lasers, ... Compared to AlGaAs/AlGaAs QWs, the introduction of indium
into the QW results in lower threshold current densities (due to a strongly modified energy band
structure) and improved reliabilities (due to lattice hardening). In this paper we present the realisation
of InA1GaAs/AlGaAs double QW ridge lasers operating at 780 nm, a wavelength used for optical disk
systems. To obtain an emission wavelength of 780 nm the InAlGaAs QWs contain a fairly high
aluminium content (22%) because 19% indium is introduced to achieve low threshold currents and
high quantum efficiencies. Facet oxidation, related to the high aluminium content, is avoided by
providing non-absorbing mirrors through the integration of passive, non-absorbing mode-size
transformers, which additionally shape the far-field to become more symmetric.

Untapered lasers are grown by low pressure MOVPE and contain two 4.6 nm thick
Ing,19(Alg 28Gag 72)0.81As /Alo.28Gag 72As QWs (Tgr = 720 °C) separated by 10 nm Alg 28Gag 72As.
The same growth conditions have been applied to grow an identical laser without aluminium in the
QW resulting in two 3.5 nm Ing 245Gag 755A8/Alg 28Gag 72As QWs. A third Ing 290Gag goAs/GaAs
SQW laser was grown under optimised growth conditions for InGaAs strained layers (Tgr = 650 °C)
and contains a single 5.6 nm thick Ing 20Gag goAs QW surrounded by 10 nm GaAs. Table 1 lists the
exact composition of the waveguiding layers for the 3 lasers together with the measurement results.
The InAlGaAs lasers show a minimum threshold current of 8.2 mA (CW) what is to our knowledge
the lowest value reported for an InAlGaAs/AlGaAs ridge laser. The maximum external differential
quantum efficiency (uncoated facets) is lower compared to the InGaAs QW lasers and is related to the
very high cavity losses. Further optimisation will be needed to reduce the cavity losses and hence
improve the quantum efficiency. Figure 1 shows the optical spectrum of an InAlGaAs laser operating
at 780 nm.

The FWHM of the far-field equals 12° and 50° in the lateral and transverse direction
respectively and results in an asymmetric elliptical far-field. A circular laser beam simplifies for
instance the accompanying optics for optical disk systems or a narrow lateral and transverse far-field
will improve the coupling efficiency into glass fibres or other optical waveguiding structures. In order
to reduce the diffraction of the transverse far-field we have "tapered” the waveguiding layers of the
InAlGaAs lasers near the facets using the shadow masked growth (SMG) technique [2,3]. As
illustrated in figure 2 the optical mode is expanded by reducing the thickness of the core waveguiding
layers near the laser facet and hence obtaining a wider near-field distribution at the laser mirror. The
thickness reduction of the epilayers has been obtained by growing the laser structure on a shadow
masked substrate as shown in figure 2. Due to the diffusion limitation of the MOVPE growth process
the epilayer thickness on the GaAs substrate will be reduced as the mask opening width W decreases.
The mask itself consists of 1 im GaAs held at 7 um above the substrate by an AlGaAs spacer layer,
grown on the substrate during a former MOVPE run. After growth, the shadow mask was lifted-off
and 5 pm wide ridge lasers were processed. Only the 400 m untapered uniform part of the laser was
provided with a metal p-contact.

The lasers were cleaved at different positions along the tapered section which has a maximum
length of 200 um. Experimental data are presented in figure 3, illustrating the reduction of the FWHM
of the transverse far-field from 50° to 30° as the lasers are cleaved further along the passive tapered
section. Also the CW threshold current is shown as a function of taper length indicating fluctuations
around a mean value of 26 mA (the average differential quantum efficiency was 42 %). There is no
clear relation between the taper length and the threshold current fluctuations indicating that they could
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not be attributed to absorption in the passive taper section. The thickness reduction of the epilayers
along the passive section will additionally result in a bandgap increase through the use of InAlGaAs
QWs. The passive tapered section provides the InAlGaAs QW laser with a non-absorbing mirror
(NAM) and will alter the reliability at high output power (if NAMs are implemented at both facets of
the laser). Further results on the bandgap increase in the tapered scction will be presented at the
conference.

In conclusion, low threshold current InAlGaAs/AlGaAs QW lasers operating at 78 nm have
been realised and far-field shaping by including a passive, non-absorbing tapered section has becn
successfully demonstrated. The authors want to acknowledge Jan Haes for simulations, Steven
Verstuyft for processing and Guy Janssens for measurements. Gerrit Vermeire wants to thank the
IWONL for financial support.

1] : C.A. Wang, J.N. Walpole, H.K. Choi, L.J. Missagia, IEEE Photon. Technol. Lett. 3 pp 4 (1991)
(2] : P. Demeester, L. Buydens, P. Van Daele, Appl. Phys. Lett. 57 pp 168 (1990)
[3] : G. Vermeire et al., Proceedings ICMOVPE '94, Japan
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0.78-0.98um Ridge-Waveguide-Lasers Buried with AlGaAs Confinement
Layer Selectively Grown by Chloride-Assisted MOCVD

A.Shima, A.Takemoto, H.Kizuki, S.Karakida, M.Miyashita,
Y.Nagai, T.Kamizato, E.Omura, and M.Otsubo

Optoelectronic & Microwave Devices Laboratory, Mitsubishi Electric Corporatio
4-1, Mizuhara, Itami City, Hyogo, 664 Japan FAX:+81-727-80-2696

Ridge-waveguide laser diodes (LD's) buried with an Alo.7Gao.3As confinement layer selectively
grown by using the Cl-assisted MOCVD have realized, for the first time, reduction of the
operating current, stabilization of the lateral mode and the high reliability in the high-power
operation.

A buried ridge LD is highly reliable because it does not have regrowth interfaces in the active
region. A loss-guided ridge structure buried with a GaAs confinement layer which controls the
lateral optical field and the current spreading, has been widely used for various LD's lasing at the
wavelength of shorter than ~0.87um. However, the external quantum efficiency of the LD's
with this structure is relatively low because of the inherently high internal loss. Moreover, in
case of the 0.98-1.02um-LD's for the fiber amp pumping, it may be very difficult for the ridge-
waveguide buried with the GaAs confinement layer to realize the fundamental transverse mode,
as the GaAs can not absorb the laser light of the wavelength over ~0.9um (i.e. anti-guide
structure). Replacement of the GaAs confinement layer by the lower index material compared to
the cladding layer (e.g. polyimide!, Ino.5Gao.5P%) has solved these problems. Provided that an
AlxGai-xAs confinement layer can be selectively grown outside the ridge over the wide range of
the Al content (especially high Al content), it has possibility to expand the tolerance of the
waveguide design for the various LD's formed on the GaAs substrate.

In this paper, we demonstrate the 0.78-0.98um high-power ridge-waveguide LD's with the
Alo.7Gao0.3As confinement layer. Fig.1 shows the structure of the laser chip. The triple quantum
well of Alo.1Gao0.9As and the strained double quantum well of In0.16Ga0.84As are applied for the
active layers of the 0.78um-LD and the 0.98um-LD, respectively. The cladding layers consist of
Alo.48Ga0.52As. Refractive index step (AN) of the stripe region is defined by the difference of
the Al content between the upper cladding layer and the confinement layer and the distance
between the active layer and the confinement layer controlled by the etching stop layer3. As
shown in Fig.2, we have solved the deposition of poly-crystal on the SiN mask in the selective
growth of the Alo.7Gao.3As layer by using a Cl-Assisted MOCVD with the HCI gas introduced.

Fig.3 shows the output characteristics of the 0.78um-LD (a) and the 0.98um-LD (b). In the
0.78um-LD, the threshold current and the quantum efficiency are 31.5mA and 1.06W/A,
respectively. These values are improved by ~40% compared to those of the loss-guided LD
with the GaAs confinement layer. The linear power-current (P-I) characteristics and the stable
single lobed far-field patterns ( /) are obtained over 150mW. The 0.98um-LD shows the single
lobed far-field patterns up to 300mW and the maximum output power of 458mW.

The aging test result is shown in Fig.4. The operating currents at 60°C, 55mW of the
0.78um-LD are lower than those of the conventional 0.78um-LD with the GaAs confinement
layer (broken lines) by ~33%. The 0.78um-LD's and the 0.98um-LD’s (50 ‘C, 100mW) have
been operating for over 1,000 hours with little increase of the operating currents.

References
1. Ohkubo et al, J.Quantum Electron. Vol. 29, p.1932, 1993.
2. Ishikawa et al, J.Quantum Electron. Vol. 29, p.1936, 1993.

3. Shima et al, Technical Digest of the 13th Int'l. Semiconductor Laser Conference, p.98, 1992.
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Strained Layer Single Quantum Well InGaAs Lasers with Room Temperature
CW Threshold Current 165 pA

T. R. Chen, B. Zhao, L. E. Eng, Y. H. Ztnang, and A. Yariv
T. J. Watson Sr. Laboratories of Applied Physics, 128-95
California Institute of Technology, Pasadena, CA 91125, USA

Abstract
A record low threshold current 165 pA (CW) at room temperature has been demonstrated in a buried heterostructure
strained layer single quantum well InGaAs laser with short cavity length and high reflectivity coatings.

In applications such as optical interconnects and parallel data processing, a large number of lasers
will be involved to handle huge amount of information. Extremely low threshold current and large
modulation bandwidth will be key requirements for laser performance. Progress has been made
during the recent years due to the development of quantum well (QW) structure. CW threshold
currents as low as ~ ImA [1-3] for as cleaved lasers and 0.35mA for dielectric coated lasers [2]

have been reported.

In this paper, we report on the systematic study on the threshold behavior of single quantum well
(SQW) lasers with various cavity length and facet mirror reflectivities. Very low threshold current
was demonstrated for short cavity lasers. The lasers used in this work were strained layer (SL)
SQW InGaAs/AlGaAs buried heterostructure (BH) lasers made by a two-step hybrid MBE/LPE
growth technique [2]. We used a relatively thick QW (80A) to reduce gain saturation effect and
state-filling effect [2,4]. The width of the active stripe is ~ 1.5um. The lasers displayed very low
threshold current ~ 1mA at a cavity length ~ 400um. However, when the cavity length became
shorter, the threshold current increased due to gain saturation, reaching ~ 3mA at a cavity length ~
100um. This behavior can be well described by a logarithmic gain saturation function and the
threshold current can be derived as (5]

=wl l (ai+Llin1)-

= %L Jo expl - (@ + 5 Inp L) - 1) (1)

where Jop and Gy are saturation parameters, ¢; is the internal loss, 7); is the internal quantum
efficiency, I is the optical confinement factor, R; and R, are the front and rear mirror reflectivities,
w and L are the active stripe width and cavity length, respectively.

To reduce the threshold of various short cavity lasers, we applied high reflectivity coatings to the
laser facets. The typical measured threshold currents along with the estimated mirror reflectivities
are summarized in Table I. Experimental data are depicted in Fig.1. It is seen that the threshold
current for an as-cleaved laser increases when cavity length decreases from 300pum to 90um.
However, the threshold currents of the short cavity lasers drop much more than those of the long
cavity lasers when proper high reflectivity coatings are applied to the facet mirrors. A record low
threshold current 165¢A has been achieved at a cavity length of 125um (Laser SSQW4). Very
similar result was also obtained for a 90um long laser. The L-I characteristic curves of Laser
SSQW4 are shown in Fig.2(a) and Fig.2(b).

In conclusion, CW threshold current 1654A has been demonstrated in a BH SL SQW laser with ~
125um cavity length and ~ 0.99 mirror reflectivities.
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Iip (mA)

LaserID | L (um) R¢/R, Room T
Cw
0.3/03 12

SSQw1 300 0.3/0.98 0.68
0.75/0.99 0.44

0.3/0.3 20
SSQw6 | 225 0.3/0.98 0.8

0.98/0.98 0.37

0.30.3 28

SSQw4 125 0.30.99 0.7
0.99/0.99 0.165
0.3/03 30
SSQw2 90 0.3/0.99 14
0.99/0.99 0.175

Table 1. Threshold currents of the SQW lasers under

study.
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The Influence of Valence-Band Well Depth on Optical Gain Uniformity
in 1.3-um InP-Based Strained-Layer Multiple-Quantum-Well Lasers
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3-1 Morinosato Wakamiya, Atsugi, Kanagawa, 243-G1 JAPAN (FAX +81-462-40-2859)
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Department of Electrical Engineering, Ohio State University,
2015 Neil Avenue, Columbus, OH 43210-1272, USA

Abstract
We compare the optical gain uniformity in 1.3-um InAsP/InP (AEc:AEv=0.56:0.44) and InGaAsP/InP
(AEc:AEv=0.40:0.60) compressively-strained multiple-quantum-well (MQW) lasers with a wide-bandgap
barrier. We quantitatively demonstrate that the valence-band well depth plays a dominant role in
determining the optical gain uniformity in InP-based MQW lasers.

InP-based strained-layer MQW lasers operating at 1.3 um have attracted much attention for their
applications to fiber-in-the-loop, computer interconnects, 2ic. In these applications, excelient high-temperature
characteristics are particularly impoitant. Recent study has shown that a low threshold gain and tight electron
confinement in the well are essential to improve the high-temperature characteristics of 1.3-um lasers (1], [2].
These conditions are easily satisfied in lasers in which the MQW stack consists of a number of thick wells (e.g.,
6-10 nm) and wide-bandgap barrier layers (e.g., Ag=1.0 um) . However, an MQW stack with a wide-bandgap
barrier brings about an increase in the well depth in the valence band as well as in the conduction band, which may
lead to a non-uniform distribution of carriers, thereby the degradation of the optical gain uniformity among the
wells. It should be pointed out that an MQW structure provides its full benefits only if each well can generate a
similar amount of optical gain, i.e., optical gain is uniform among the wells. In this paper, we study the optical
gain uniformity in InAsP and InGaAsP MQW lasers and demonstrate that the valence-band well depth has a
significant influence on the optical gain uniformity in InP-based strained-layer MQW lasers.

We analyzed InAsP/InP compressively-strained MQW structures [3] with a separate confinement
heterostructure (SCH) region on either side. A strained InGaAsP quaternary material was also used as an active
layer for comparison. The MQW stack incorporates six 6-nm wells with barriers of 10-nm InGaAsP (lattice
matched to InP, Ag=1.0 um). Valence-band offsets in strained InAsP/InP heterointerfaces were determined by the
ab initio pseudopotential method within the local density functional approach [4). Valence-band structures in the
InAsP/InP and InGaAsP/InP wells were then obtained by effective mass approximation with a 6x6 Luttinger-Kohn
Hamiltonian (5). Carrier injection in these MQW structures was analyzed by solving Poisson's equation, the
Schrisdinger equation, and the current continuity equations, selfconsistently. The capture and escape processes into
and out of the well were treated as a space-dependent recombination process [6]. The capture and escape rates
were calculated by taking into account the carrier—carrier and carrier—LO-phonon interactions on an equal basis
within the fully dynamic random phase approximation (RPA) [7]. On the basis of the obtained valence band
structures and the carrier distribution, the optical gain spectrum was then calculated for each well.

Figure 1 shows the calculated band positions of an InAsP material system. In contrast with the conventional
InGaAsP quaternary system (AEc:AEv=0.40:0.60), the InAsP material system has a smaller valence-band offset;
AEc:AEv=0.56:0.44. In Fig. 2, variations in peak optical gain with changes in current density are compared for
InAsP and InGaAsP MQW lasers. Although both active layers are compressively strained to a similar extent, there
is a marked difference in gain characteristics.

To clarify the reason for this difference, the optical gain spectrum was analyzed for each well at the lasing
thresholds A and B indicated in Fig. 2. The results are shown in Figs. 3(a) and (b). Although the spectra of total
gain exhibit a similar behavior, the status of each well is completely different in these two material systems. In
InAsP MQW lasers, each well works as a gain medium, while only two thirds of the wells generate gain in
InGaAsP MQW lasers. As shown in Fig. 3, the optical gain uniformity :: considerably distorted toward the well
labelled QW#1 in the InGaAsP MQW lasers, which suggests tat the pile-up of carriers in the well nearest the
P-contact becomes more serious when valence-band wells become deeper. These results clearly indicate that the
valence-band well depth plays a key role in determining the optical gain uniformity in InP-based MQW lasers. We
can conclude that InAsP MQW lasers have a higher potential for high-temperature operation since the electron
confinement is easily improved in the InAsP material system without paying any penalty in optical gain uniformtiy.
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In summary, we have quantitatively demonstrated that the valence-band well depth plays a dominant role
in determining the optical gain uniformity in InP-based MQW lasers. We have also shown that the InAsP
material system, which has a smaller valence-band offset, has a higher potential for high-temperature operation
than its conventional quaternary counterparts.
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0.98um InGaAs/InGaP Strained Quantum Well Lasers
with GaAs/InGaP Superlattice Optical Confinement Layer
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ABSTRACT : Improvement of internal quantum efficiency and threshold
current density was demonstrated by introducing GaAs/InGaP superlattice
optical confinement layer (SL-OCL) into InGaAs/InGaP strained QW lasers.
Carrier confinement due to the multiple quantum barrier (MQB) effect in
addition to the graded index effect in the SL-OCL was also discussed.

High performance 0.98 um InGaAs/InGaP laser is a key for realizing low
noise Er-doped fiber amplifiers [1,2]. Graded-index separate-confinement-
heterostructure (GRINSCH) was one of the most excellent schemes to optimize
optical confinement [3], however, the composition of InGaAsP GRIN layer
should be carefully controlled. In this paper, we propose GaAs/InGaP
superlattice optical confinement layer (SL-OCL) instead of the GRIN layer
and confirm the clear improvement of the laser characteristics.

InGaAs/GaAs/SL-OCL/InGaP strained QW lasers were grown by a gas
source molecular beam epitaxy. The active region consisted of 6 nm
Ing 2Gagp gAs strained double quantum wells separated by 10 nm GaAs barrier
and 80 nm GaAs optical confinement layers on both sides. P-type and n-type
GaAs/InGaP SL-OCLs of about 40nm sandwiched the active layer. Fig. 1
shows the band diagrams for three types of the SCH structures, as follows.
Type(A) : with SL-OCL, in which the thickness of each layer is uniform,
Type(B) : with SL-OCL, in which the thickness of GaAs in the superlattice
layers was gradually increased with getting close to the active layer, and
Type(C) : without SL-OCL for reference.

Fig. 2 shows the inverse differential quantum efficiency as a function of
the cavity length for the ridge waveguide lasers. The internal quantum
efficiency was increased as high as 90% for type(B) by inserting the SL-OCL,
although the internal loss was slightly increased, which might be due to a free
carrier absorption in the impurity doped SL-OCL. Fig. 3 shows the threshold
current density Jih as a function of the inverse cavity length. Jth was drastically
decreased as low as Jth=280A/cm?2 at L=900um in type(B). Modifying the
equivalent refractive index profile as well as improvement of the carrier
confinement owing to the modified GRIN SL-OCL structure were main
reasons both for increasing M and lowering Jth. Temperature dependence of
the threshold current is shown in Fig. 4. The characteristic temperature Ty
around room temperature was increased over 300K by inserting the uniform
SL-OCL (typeA). Note that To around 90°C was still kept 125K, while
type(C) exhibits abrupt hike of I, over 80°C.  This result indicates that the
multiple quantum barrier (MQB) effect (4], enhancing the confinement of
carriers, is also expected in the SL-OCL structure in addition to the ordinary
GRIN effect. 137




In summary, we have investigated the effect of GaAs/InGaP superlattice
optical confinement layer (SL-OCL) inserted in the InGaAs/InGaP strained
QW lasers. The internal quantum efficiency as high as 90% and the threshold
current density as low as 280A/cm2 were obtained in a laser with GRIN SL-
OCL. The SL-OCL structure is also effective for high power operation under
high temperature.
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Optically-Pumped Vertical-Cavity Surface-Emitting Lasers on
(110) GaAs Substrates with Stable Polarization Characteristics
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Abstract

We report the study of polarization characteristics of optically-pumped vertical-cavity surface-
emitting laser devices fabricated from structures grown on (110) GaAs substrates. These
devices exhibit stable, well-defined polarization states at room temperature.

The control of the polarization characteristics of vertical-cavity surface-emitting lasers (VC-
SELs) has recently generated a great deal of interest because of the potential use of these
devices in polarization-sensitive applications such as magneto-optic recording and certain
fiber-optic coupling experiments [1]. To date, most VCSEL structures have been grown on
GaAs substrates oriented in the conventional [001] crystal direction. These devices have
generally exhibited random polarization characteristics under both optical and electrical
pumping. This is believed to be because of the isotropy of the gain coefficient for structures
on the (001) crystal surface [2]. We have recently found that quantum well structures grown
on (110) GaAs substrates have anisotropic optical properties [3]; in an effort to explore the
use of this anisotropy in the control of the polarization characteristics of VCSELs, we have
fabricated devices grown on (110) GaAs substrates. Our room temperature optical pump-
ing experiments show that the [110])-oriented VCSEL structures have stable polarization
characteristics.

The VCSEL structures used in our study consist of a bottom distributed Bragg reflector
(DBR) made of a stack of 19.5 GaAs/AlAs quarter wave pairs. The active region con-
sists of two Ing.20GagseAs (80 A)/GaAs (80 A) quantum wells in the middle of a one-wave
GaAs/Alp.45GagssAs spacer region. The top DBR mirror is composed of a stack of 16
GaAs/AlAs quarter wave pairs. These structures were grown by molecular beam epitaxy
on semi-insulating (110) GaAs substrates which were vicinally mis-oriented by 6° toward
(111)B surface in order to obtain high quality optical material [4]. For purposes of compar-
ison, identical device structures were also grown on the (001) GaAs surace.

We show in Fig. 1, the reflectivity spectrum of the VCSEL structure grown on the (110)
GaAs surface; shown in the inset is the lasing spectrum of the device. The optical pumping
experiments were carried out at room temperature using a tunable laser source which could
be operated in both the pulsed and continuous mode. The state of polarization of the laser
was analyzed using a pricm polarizer. The output of the device exhibited two orthogonal
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polarization states: the polarization state with maximum optical intensity was oriented at a
35-degree angle relative to [001] crystallographic direction. Several spots were tested on the
wafer; all of these spots showed similar polarization characteristics. The output intensity as
a function of optical pumping power for the two orthogonal polarization states is displayed
in Fig. 2. The intensity contrast ratio of the two orthogonal states of polarization for a
pumping power of 70 mW incident onto a 10 gm-diameter spot size is about 4. In contrast,
the optically-pumped VCSEL devices grown on the (001) GaAs substrate exhibited random
polarization directions from spot to spot. We observed no preference of polarization direction
for the (001) devices.

In summary, we have studied the polarization characteristics of optically-pumped vertical-
cavity surface-emitting lasers fabricated from structures grown on vicinal (110) GaAs sub-
strates. These laser devices showed stable polarization characteristics.

References

[1} T. Mukaihara, F. Koyama and K. Iga, Jpn. J. Appl. Phys. 31, 1389 (1992).

[2] C. J. Chang-Hasnain et al. Electron. Lett. 27, 583 (1990).

[3] D. Sun, E. Towe, M. Hayduk and R. Boncek, Appl. Phys. Lett. 63, 166 (1993).
[4] D. Sun and E. Towe, J. Crystal Growth, 132, 2882 (1993).

Pmax

Refiectance ( A.U.)
Output intensity { A.U. )

9100 9200 930.0
8000 8400 8800 9200 9600  1000.0 0.0 200 400 60.0 80.0
Wavelength ( nm)) Pumping Power (mW)
Figure 1. Reflectance spectrum of the VCSEL. structure grown ou Figure 2. The lasing intensitics of orthogonal polarization states as
vicinal (110) GaAs; insct: room temperature lasing spectrum of the a function of optical pumping power for the VCSEL structure grown on
optically-pumped device. the vicinal (110) GaAs.
140




Circular-grating surface-emitting distributed Bragg
reflector lasers on an InGaAs/GaAs structure
for 0.98 um applications
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Abstract : InGaAs/GaAs circular-grating surface-emission DBR lasers with a pulsed external

efficiency over 11% (power > 100 mW) and a divergence of 10 are obtained. We also
demonstrate the first CW operation near room temperature.

Summary : Surface emitting lasers with high power and low divergence are very attractive for a
number of optoelectronics applications. Circular-grating surface-emitting distributed Bragg
reflector (CG-SE-DBR) lasers are new candidates with great potential to fulfill these
requirements.In the last few years, a number of theoretical and experimental studies have been
published on CG-SE DFB/DBR lasers [1-5]. In this work, we present our latest results and report
the first CW operation of CG-SE-DBR lasers.

Fig. 1 shows a schematic view of our InGaAs/GaAs CG-SE- DBR lasers A circular gain
region is defined in the center of the structure. Second-order circular gratings are used in order to
provide feedback for resonance as well as surface emission. The active layer is a strained
InGaAs/GaAs quantum-well (QW), graded-index, separate-confinement heterostructure
(GRINSCH). In order to avoid any regrowth and complication in the process, the passive section
has the same layer structure as the gain section and the gratings are defined on the top of the QW
layers. The structure was grown by one-step MBE. Gain sections with diameters of 100 pm and
less were defined by reactive ion etching (RIE) of GaAs and AlGaAs in BC13 : He gas mixture. P-
type contacts were then made on top of the mesas. Second-order circular gratings with periods of
about 300 nm were defined by electron-beam lithography and etched into AlGaAs above the active
region by RIE. The radial extent of the circular gratings surrounding the active region is about 150
pm. Finally, a n-type back contact was evaporated.

Fig. 2 shows the room temperature L-I curve of a 100 um diameter gain region under
pulsed operation with 1% duty cycle. The threshold current is about 80 mA and the external
efficiency measured from the surface-emitted power is over 11% with a maximum power of 100
mW. High temperature operation up to 90°C is also obtained [5). The device operated with almost
the same threshold current under a 40% duty cycle pulse. The measurement of the far-field pattern
gives a divergence of 12 in all directions with a quasi-circular section which is of a great interest
for many optical communication applications. Recently, by optimizing the process steps, the first
CW operation of a CG-SE-DBR laser with an 80 um diameter gain section was obtained near
room temperature. Figure 3 shows the CW lasing spectrum of the laser at 10, 15 and 20 ©C. The
lasing wavelength is about 970 nm with a temperature shift of 1 A/degree. The measure of the CW
L-I curve shows that at 5 OC the threshold current is about 66 mA with an external efficiency of
4%. At 10 OC the threshold current increases to 73 mA and the external efficiency drops to 2.6 %.
Further increase of the temperature to 15 ©C and above resulted in a drop of the external
efficiency. Detailed results will be presented and discussed.
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Optimization of Gain and Mode Field Overlap for Efficient
Proton Implanted Broad Area Vertical-Cavity Laser Diodes

B. Méller!, E. Zeeb?, T. Hackbarth?, K.J. Ebeling’
University of Ulm, Dept. of Optoelectronics, D-89069 Ulin, Germany*
Daimler Benz Research Center, D-89013 Ulm, Germany?

Abstract: Overlap of gain and mode profiles in conventional planar proton implanted
VCSELs is measured to be in the order of 10%. The resulting low device efficiency is
considerably increased if a beam transforming layer is integrated.

There is an urgent need for transverse mode control in broad area vertical-cavity surface-
emitting laser diodes (VCSELs). To this aim we have performed a detailed study of
fundamental and higher order transverse mode behavior in planar VCSELs to better un-
derstand the effects of integrated mode filters and lenses on emission characteristics. Near
field mode patterns whose overlap with the gain profile greatly affects laser efficiency have
been determined precisely.

Experiments presented were performed on a standard VCSEL of 25 um active diameter.
Smaller devices of 12 um size of the same wafer oscillate single-mode over the w! e current
range up to 0.45 mW output power with a minimum linewidth of 70 MKz and a record
low linewidth-power product of 4.8 }fHz-mW. Larger devices of 55 um diameter oscillate
multi-transverse mode and exhibit maximum output powers of more than 12 mW and
small-signal bandwidths beyond 10 GHz when mounted on heat sinks. Fig. 1 shows output
power characteristics of a non heat sinked 25 pm VCSEL. Indicated are the onsets of bigher
order transverse modes. Fig. 2 gives threshold currents and mode spacings. Included are
theoretical data according to a simple model that assumes parabolic refractive index and
gain profiles induced by thermal heating and carrier diffusion. Self-consistent calculations
[1] give Laguerre-Gaussian modal eigenfunctions from which near and far field patterns
are readily obtained. Fig. 3 shows the measured far field patterns and emission spectra
for different driving currents. Solid lines are calculated from the spectra. The agreement
between theory and experiment is excellent. Hence, calculated near field patterns in Fig. 4
have to be attributted the same accuracy. The current distribution across the active layer
is well approximated by a step function for the planar proton implanted devices studied [2].
The overlap of modal intensity and current density distributions estimates device efficiency.
Results plotted in Fig. 5 show that the efficiency typically remains below 20%. However,
when a beam transformimg layer correcting for thermal lensing is inserted in the cavity
considerable improvement of the device performance can be obtained as is also indicated
in Fig. 5.

In summary, precise measurements on high performance planar proton implanted VCSELs
show that due to imperfect mode and current overlap device efficiency typically remains
below 20%. Integration of an antiguiding layer considerably enhances the efficiency by at
least a factor of 3.

[1] A. E. Siegman, Lasers, University Science Books, Mill Valley, Carlifonia, 1986.
[2] R. Michalzik and K.J. Ebeling, IEEE J. Quant. Electron., vol. 29, pp. 1963-1974, 1993.
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